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Urine and blood parameters were studied in three groups 
of rabbits; fed controls, fasted, and animals subjected to an- 
esthesia and abdominal surgery. Water was freely available to 
the fed or fasted animals. During anesthesia and operation, 
animals were given no intravenous fluid, or saline according 
LO one of threesaniusion rates (0.5 ml, 1.50 ml,.or 2.0.ml per 
minute). 

The results demonstrate that an intravenous saline infusion 
of 0.5 ml per minute is beneficial to unstressed rabbits during 
anesthesia and surgery. However, with such an infusion, the 
rabbits essentially do not produce urine under the experimental 
conditions. Higher rates of infusion are associated with a de- 
clining heart rate and blood pressure, abnormal urine, and meta- 
bolic acidosis. We conclude that the rabbit is an inappropriate 
species for renal studies involving anesthesia with halothane, 


and surgery. 
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Life, at the cellular level, is dependent on the constancy 
of the internal environment of the body. One of the major organs 
responsible for maintaining this constancy, is the kidney. It e- 
liminates toxic wastes, and maintains water, acid-base, and elec- 
trolyte balances by elimination or retention depending on the 
status of the internal environment. Together, the kidneys re- 
ceive almost a quarter of the cardiac output: an extremely high 
blood flow per unit weight. The renal role in maintaining the 
internal environment is accomplished, in part, by ultrafiltration 
of about one fifth of the plasma flow. Much of the water and sol- 
utes (glucose, for example) is then selectively reabsorbed, while 
other solutes (such as hydrogen ions) are selectively secreted 
intomtheL ti ltrate., Invorder- toy maintain thesetfunctions, “theskid- 
neys require a very high metabolic rate. They are known to util- 
ize a fairly constant and relatively large amount of oxygen. Per- 
haps as a consequence of these factors, they are very sensitive 
to the effects of trauma and injury. 

The sensitivity of the kidney is demonstrated during the 
course of many infections, diseases, and syndromes, that may not 
primarily involve the kidney. Any of these that change renal 
blood flow, can greatly affect kidney function. This influence 


is, again, due to the fact that perfusion and oxygen availability 
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are major variables of the state of the kidney. However, the 
exact pathogenesis of hypoperfusion and ischemic injury, is not 
yet known. 

Some pathophysiology of the kidney is understood. Under con- 
ditions where the reabsorptive mechanisms fail, a polyuric con- 
dition can ensue and much or all of the filtered plasma will be 
excreted. In other cases, none of the plasma is filtered or all 
of the filtrate may be reabsorbed, resulting in anuria, during 
which no water, hydrogen ions, nor other solutes are excreted. 
Neither of these conditions is compatible with continued life 
of the individual, without supportive intervention. 

The total mechanism of ischemic renal injury, as mentionned, 
is not understood. Moreover, this type of injury continues to be 
a major cause of frank kidney failure, especially among the young. 
When renal failure is permanent, there are only two treatments 
available. They are dialysis and transplantation. Dialysis does 
not resolve the problem, it only forestalls the inevitable. Al- 
though, ideally, transplantation provides a permanent solution to 
the problem of an otherwise fatal renal failure, it is fraught 
with complications. 

Renal damage may be caused directly by a less-than-sufficient 
perfusion, as well as outright ischemia. The precise role of the 
two factors has not yet been well defined. 

Perhaps the best documented periods of renal ischemia are 
seen in renal transplant work. Often, the re-implanted kidney 


does not function, presumably because the organ has, in some way, 
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lost its viability. Methods used to predict organ viability, 

have included measurements of: anoxia time and temperature 
(Angell et al, 1969); cell membrane potentials (Lambotte, 1970); 
surface pH (Dmochowski & Couch, 1966; Berman et al, 1970); PAH 
uptake and lysosomal enzyme release (Lotke & Schwartz, 1970); for- 
mazan production (Terasaki et al, 1967; Maginn, 1968; Ham et al, 
1969); progression of lactate acidosis (Johnson, 1974); liber- 
ation of LDH (Liebau et al, 1971; Abouna, 1972; Jensen & Kemp, 
1972; Kemp, 1972; Kohn & Ross, 1971); oxygen consumption (Bautista 
& Cohn, 1967); oxygen utilization (Lannon et al, 1967); renal 
blood flow (Ariyan et al, 1971); and loss of adenine nucleotides 
(Calman, 1974; Buhl, 1976a,b,c; Petterson, 1974; Bergstrom et al, 
19717 CGoListetty, 19/ leo Keaveny;42972) « 

According to Calman (1974) these methods of assessing viabil- 
ity are all based on the same presumed pathogenesis: organ fail- 
ure when cell anoxia causes: 

a) inhibition of oxidative phosphorylation, 

b) a drop in adenine nucleotide content, 

¢c) an alteration in cell membrane potential, 

d) changes in surface and intracellular pH with a subsequent 
modification of the intracellular redox potential, 

e) consumption of any available oxygen, and 

f) eventual release of lysosomal enzymes. 

Until recent work by Trump (1971, 1974, and 1976), Glaumann 
(1975a,b, and 1976), and their co-workers, a detailed analysis of 


structural changes as a function of the duration of ischemia, had 
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not been performed. Their studies suggest that energy coupling 
is, in fact, the crucial phenomenon and the one that fails ir- 
reversibly upon ischemic or anoxic injury. 

Traditional models for the study of ischemia have involved 
Opening the abdomen, isolating and clamping vessels, closing the 
abdomen for varying lengths of time, re-opening the abdomen, un- 
clamping the vessels, and then assessing the damage 'due to is- 
chemia'. It is our purpose to develop an acute surgical model 
in which we can directly control in vivo renal perfusion and ass- 
ess parameters of renal function. Such a model would permit in- 
creases or decreases in renal arterial pressure, mimicing hyper- 
tension and hypotension, respectively. Total interruption of 
renal blood flow for varying lengths of time, would also be poss- 
ible, without re-opening the abdomen. 

The considerations implicit in developing such a model, in- 
clude: a) choice of an animal species, 

b) choice of an anesthetic agent, 
c) how to minimize the effects of handling, and 
d) whether to hydrate and, if so, how much. 

Although the ideal species for our purpose probably does not 
exist, we felt that the rabbit offered many advantages. These in- 
cluded: organ and vessel sizes permitting easy manipulation; no 
evidence of chronic renal disease in mature animals; availability 
of large numbers of genetically similar animals; relative consis- 
tency of internal anatomy; ease of handling; and modest cost of 


purchase and upkeep. 
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In the course of any general anesthesia, renal blood flow 
may be reduced as a result of hypotension and/or renal vasocon- 
striction. All anesthetic agents constitute myocardial depress- 
ants (Price, 1961). .Iin*sufficrent. quantities, /they will produce 
hypotension, unless their effects are compensated by peripheral 
vasoconstriction (Mazze & Bunker, 1974). Some anesthetic agents 
(eg. cyclopropane or diethyl ether) seem to stimulate catechol- 
amine release (Price et al, 1959). The resulting vasoconstriction 
will tend to support central blood pressure but will increase 
renal vascular resistance (Deutsch et al, 1966). Other anesthetic 
agents (eg. halothane and thiopental) do not appear to elicit the 
release of catecholamines (Price et al, 1959), but are associated 
with a moderate increase in renal vascular resistance (Deutsch et 
al, 1966). This increased resistance allows blood to be directed 
away from the kidneys to compensate for the anesthetic-induced 
hypotension. The result is some depression of renal function, 
but not as much as that which accompanies anesthesia with agents 
causing catecholamine release (Mazze & Bunker, 1974). Still other 
anesthetic agents (for instance, methoxyflurane) are considered 
to have indirect toxic effects upon the kidney (Crandell et al, 
1966; Frascino et al, 1970, Mazze et al, 1971). The central ner- 
vous system depressants with alpha blocking capacity (for example, 
dehydrobenzperidol with fentanyl) fall into another group (Janssen 
et al, 1963). Gorman and Craythorne (1966) report no change in 
renal function and only slight myocardial depression with this so- 


called 'neuroleptanalgesia'. However, its superiority as a mode 
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of anesthesia is still contested (Doenicki & Kropp, 1976) and it 
is quite short-acting. 

At present, barbiturates and halothane are two major anesth- 
etic methods in widespread clinical use. Barbiturates are resp- 
iratory depressants, and respiratory arrest is commonplace where 
these are used without respiratory support (Lumb and Jones, 1973). 
Inhalation anesthesia is not often used with rabbits. The animals 
are very difficult to intubate (Murdock, 1969) and technical skill 
with expensive equipment is required to anesthetize them. Never- 
theless, we chose to employ halothane as sole anesthetic. 

There appear to be species differences in the response to 
halothane (Millar et al, 1969). In man, halothane anesthesia is 
associated with central sympathetic depression (Millar, 1971) and 
baroreflex depression (Duke et al, 1977). In the rabbit, while 
a partial central blockade of the barostatic reflexes by halothane 
has been demonstrated (Biscoe & Millar, 1966), halothane admin- 
istration is associated with increased sympathetic activity (Millar, 
1971). This increased sympathetic activity, however, seems to be 
ineffective in raising arterial pressure. 

Induction of surgical anesthesia with halothane is rapid, us- 
ually being reached in humans, in 5-7 minutes with concentrations 
of 2.5% (Stephan & Little, 1961). Excited animals generally re- 
quire more anesthetic (Lumb & Jones, 1973). Lindena et al (1978) 
demonstrated that excited animals also have increased levels of 
major metabolic enzymes in the circulation. Many experimenters 


have used premedication to counteract pre-operative excitement and 
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its consequent effects. We chose not to use these agents. 

Halothane by itself, will slightly reduce blood pressure in 
the rabbit and cause a compensatory vasoconstriction, amplified 
by increased sympathetic activity. In the human, there is no 
Sympathetic dilator nor parasympathetic innervation of the kidney 
(Mazze & Bunker, 1974). There are, however, abundant sympathetic 
GOnstrietor) fibers derived trom’ chewhy (= L, segments of the spinal 
cord, via the celiac and renal plexuses (Mazze & Bunker, 1974). 
Assuming a Similar pattern of innervation in the rabbit, we would 
expect its renal response to halothane to be similar, at least, 
to the human one. 

Mazze and Bunker (1974) summarize the customary human renal 
response to anesthesia and surgery, as being characterized by de- 
pression of all measured function. This includes urine flow, 
glomerular filtration rate (hereafter referred to as GFR), renal 
blood flow (hereafter referred to as RBF), and electrolyte excre- 
tion. They suggest this generalized depression of renal function 
is influenced by four factors: 

a) the type and duration of the surgical procedure (Hayes & 
Goldenberg, 1963), 

b) the pre-operative physical status of the patient (Barry et al, 
1964; Seitzman et al, 1963), 

c) blood volume, and fluid and electrolyte balance before and dur- 
ing surgery (Boba & Landmesser, 1961; Hutchin et al, 1961; 
Mazze & Barry, 1967), and 


d) choice of anesthetic agent (Gorman & Craythorne, 1966). The 
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approach in this study was to hold factors a, b, and d constant 
in an experimental system, permitting a study of the effects of 
factor c. Although unmentionned by Mazze and Bunker, a fifth 
factor which may influence renal function is the administration 
of premedications (de Boda & Sweet, 1944). 

Reduced urine flow, as previously stated, has been almost 
universally accepted as an unavoidable companion to anesthesia 
and surgery. Barry et al (1964) demonstrated, for example, that 
anesthetic concentrations of from 0.5 to 3.0% halothane signif- 
icantly depressed renal plasma flow, GFR, and urine flow, in 
fluid-restricted subjects. By contrast, they report that approx- 
imately normal levels of these parameters can be maintained, dur- 
ing light anesthesia, by sustained hydration. Cizek (1961), in 
a very comprehensive study in the rabbit, has established that 
food deprivation in this species consistently results in poly- 
dipsia and a high urine flow rate. Fasted rabbits should there- 
fore, be well hydrated. But, how much fluid needs to be admin- 
istered intra-operatively to rabbits in order to maintain hydra- 
tion and, thusly, renal function? In this matter there appears 
to be great divergence of opinion. 

Rabbits have a circulating blood volume of approximately 75 
ml per kg. Beechwood et al (1964) in his renal studies in rab- 
bits, administered from 1.5 to 4.0 ml fluid per minute per kg 
body weight, for more than 90 minutes (for the convenience of 
comparison, infusions are cited here in terms of ml/min/kg). 


This equals a volume of up to 360 ml per kg (or, 36% of total 
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body weight), or about five times the circulating blood volume. 
The intravenous fluid given, contained 20 mEq NaCl per liter and 
no serum electrolyte determinations were made. The animals were 
heparinized and of either sex. Our experience indicates that the 
female bleeds much more profusely than the male. Beechwood and 
his associates performed tracheostomies on their rabbits and ex- 
posed the left ureter through a flank incision. No estimate of 
blood loss was reported by these researchers, nor did they appar- 
ently determine either blood gases or hematocrits. Neither the 
infusion solution nor the animals were warmed. Urine from left 
kidneys reached flow rates of 2-3 ml per minute. This urine was 
collected and two samples were analyzed in most cases, but three 
samples were analyzed in some cases, without indicating what made 
the third collection occasionally possible. These animals might 
well have been hypervolemic, hyponatremic, hemodilute, hypothermic, 
polyuric, and dying of acidosis. The renal clearances from these 
animals, have been quoted (Biology Data Book, 1974) as normal 
renal clearances for rabbits. 

Barraclough et al (1970), in their study of hypertonic saline 
and mannitol diuresis in the rabbit, administered 0.5 to 1.0 ml 
fluid per minute per kg body weight for up to 2% hours. Jorgensen 
6tval* (1972) in their study on molecular filterability in’ rabbit 
kidneys, infused from 0.5 to 1.0 ml fluid (physiological saline 
with additives of varying molecular weight) per minute per kg body 
weight, for up to 3 hours. The total infusion is about two and 


a half times the original circulating blood volume. Sudo et al 
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(1977) administered 1.2 ml per minute to rabbits weighing about 
3 kg, during renal clearance studies. Meffan et al (1969) and 
Malinin and Hollerman (1972) do not mention any quantity of fluid 
administration to their rabbits during surgery. Nor do any of 
the above researchers make mention of any continuing assessment 
of the condition of their subjects by measuring arterial blood 
pressure, or pH. In fact, very few recent studies on rabbits 
during surgery demonstrate any concern for the potential effect 
of changes in these parameters. This is questionable in research 
involving a species so traditionally thought of as having a very 
sensitive renal system. Notable exceptions to this, are Lyrdal 
and Olin (1975) who administered a modest 0.06 ml electrolyte/ 
infusion solution per minute per kg body weight to their rabbits 
during renal studies under anesthesia. They measured hematocrits, 
arterial blood pressure, blood gases and body temperature during 
their procedures examining the renal effects of surgical trauma. 
Some investigators arbitrarily select an administration of 
fluid equal to some percentage of the body weight. Others replace 
urine volumes. A rationale for proposed fluid administration is 
almost never given. It was the purpose, therefore, of this study 
to ascertain whether there is an optimal intravenous administra- 
tion of physiological saline, for acute renal studies in the hal- 
othane-anesthetized rabbit. The criterion employed to determine 
this was maintenance of the normal range of blood and urine para- 
meters. This information was sought as a contribution to the crea- 


tion of a stable rabbit model for renal studies during anesthesia. 
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A. ANIMALS 

Twenty-four male New Zealand White rabbits, weighing 2.7 + 
0.3 kg, were obtained from the Health Sciences Animal Center, of 
the University of Alberta. These had been purchased from a com- 
mercial breeder. They were kept in standard wire cages in a well 
ventilated room. Room temperature was maintained at about 22°C 
and the humidity was about 36%. The light cycle was from 7 am 
to 7 pm daily. Resting rabbits were fed a standard chow (Maple 
Leaf Mills, Master rabbit pellets) composed of 16% crude protein, 

Serude tat, 15% crude tibre, 0.652 salt, 1.2% calcium, 0.6% 
phosphate, and added vitamins A, D, and E. All rabbits were given 
tap water ad libitum. 

The rabbits were randomly assigned to four surgical groups 
of six animals each. The only independent variable between the 
groups, was the amount of fluid administered intravenously during 
the surgical part of the experiment. Group 1 was the control 
group, and each animal received only enough normal saline to keep 
the venous cannula open (approximately 1.2 ml per hour). Group 2 
animals received 0.5 ml saline per minute, or about 30 ml saline 
per hour. Group 3 animals received 1.0 ml saline per minute (60 
ml per hour) and Group 4 animals received 2.0 ml saline per minute 


(120 ml per hour) throughout the procedure. 
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B. INSTRUMENTATION AND EQUIPMENT 

For at least two days before surgery, urine was collected by 
means of a tilted tray slipped under the normal rabbit cage. Fe- 
cal material was retained by a screen, while urine drained into 
pre-weighed 1 liter glass collecting-bottles. 

Just prior to surgery, each animal was weighed on a Fairbanks 
scale, model 45-1000KB. 

Surgical anesthesia was induced and maintained with a Fluotec 
Mark 3 vaporizer used in a non-rebreathing mode. Halothane (2%3%) 
was administered, through a close fitting facemask, in 0.6 liter 
per minute of a 1: 5 oxygen : compressed air mixture. Maintenance 
was Similar except that the anesthetic concentration was reduced 
to 1%. Breathing was unassisted. 

During surgery, the animal's temperature, ECG, and arterial 
blood pressure were recorded on a Beckman Type R Dynograph re- 
corder. ECG is an abbreviation for electrocardiogram. 

The animal's pre-operative temperature was maintained with a 
100-watt lamp and a metal operating table warmed to 42° C by a 
circulating water bath (Heto type 623). The animal's temperature 
was monitored with a small animal rectal temperature probe (Yellow 
Springs, Inst.%Co., > Yeliow Springs,#Ohio) inserted®into the rectum. 
The probe was coupled to the recorder through a Beckman Thermistor 
Coupler type 9858. 

The ECG was recorded from needle probes inserted under the 


sternal and left medial thigh skin with a third needle probe under 


the right medial thigh skin, acting as a ground. These probes were 


connected to a Beckman EKG Coupler type 9855 and thereby to the 
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recorder. The recorder was coupled to a Tektronic Type 561A os- 
cilloscope to permit a visual display of the ECG. 

Systemic blood pressure was monitored by placing an Argyle 
3*+5 Fr Umbilical Artery Catheter in the left femoral artery. This 
catheter was connected by non-elastic polyethylene tubing to a 
Statham pressure guage, type PR 23 5D 300. This latter was coupled 
to the recorder with a Beckman Strain Gage Coupler type 9803. 

Urine was collected during surgery via a Bard 3 Fr whistle- 
tip ureteral catheter. The catheter was cut off at about 15 cm 
and fitted with a 27 guage needle connected to an air-powered sump 
drain. The air and any urine passed through a short piece of poly- 


ethylene tubing into small pre-weighed collection vials. 


Cy PIROUMOKEONE: 

Each rabbit was familiarized with the experimenter through 
direct contact over a period of at least 4 days. At least two 
24 hour urine volumes were collected from each subject. This 
urine was weighed and analyzed for electrolytes and osmolarity. 
At the end of each 24 hour collection period, a venous blood sam- 
ple, for hematocrit determination, was taken from the ear. During 
the 24 hours before surgery, each animal was fasted, but allowed 
water ad libitum. Urine collection periods were begun each day 
at 10:00 am, because of the convenience of initiating surgical 
procedures in the late morning and because experience had shown 
that little or no urine was voided during this time. This permit- 


ted the cleaning of the collection trays, the taking of hematocrit 
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blood samples, and the transferring of animals, without adjusting 
the starting time of the collection periods. 

After the 24 hour fast, the rabbits were brought to the lab- 
Oratory in a closed cardboard box. They were taken out of the box 
and placed prone on the pre-warmed operating table. Then, cradled 
in the left arm of the experimenter between chest and table, the 
animals' faces (including the eyes) were covered in the anesthetic 
mask. Each was held firmly until anesthetized. After about five 
minutes, the face mask was taped securely to the unconscious ani- 
mal. 

A 23 guage short bevel needle, on a heparinized syringe, was 
inserted into the central artery of the left ear and about 0.75 
ml of arterial blood was drawn for blood gas measurements. A fur- 
ther 1.5 ml sample of unheparinized venous blood was taken for el- 
ectrolyte and osmolarity analysis, transferred to a 7 ml test tube, 
and allowed to clot. 

The animals were then placed in a supine position, the limbs 
were secured, and the lower half of the abdomen and medial aspect 
of each hindlimb was shaved closely. The left medial upper hind 
leg was palpated for a pulse and then a three centimeter incision, 
starting at the abdominal junction, was made over the left femoral 
artery. With blunt dissection, the incision was carried through 
the underlying layers of fascia. The sartorius muscle was retrac- 


ted cranially and the gracilis muscle caudally, to expose the fem- 


oral vein, nerve, and artery. These were carefully dissected apart 


and a 1 cm length of the artery was looped cranially and caudally 


14 


. “niger 


nt)! oe si ute 
| ete b aie wi a 


coleman nelicasee “ey \Atodet Se woanal 


panes oil Maarsuoas — ve henine oo 


- i : 
ue 4% a Z 7 Ae \ 
" a ar ite Sa 
; ot 


ve 


: 


29 re neha ey bprtaw. 7 
3 


“+4 
af oe 


ne 
ba ; ‘Sik ea ewe weamty Ta 


7 ere aat’s gel: ise 


a ae ror Ss | teeuae 
: VE > “4 a 7 ¥ : 
rowine Eo a (Boars. f, a = 


eea'h in coe yo btatertag Sa éevie 
| 7 i.e —y nF 
role a halohle A 
if ce 
ot) gc'tad ( lw AGA? ae si es mm i 


34. Via Sew eee Ge tier pw I 


at i en 

= A > es S14) Saw ae ow vend We e noe 
} oat 

noha see eh niine Guin te Tay _— Lie pate § 


= i 
te ee a i 2 yiiest dul 
Aw: Mita inAs he , ce gee ma ar 
45 ; 
iad api a 7 


= 
a 


he 
' 


= ot ‘ D> yf ¥ inp vie wr wh r Uh . cy a nt te: : ind 


Ob en 
ely 
gis aka sian pt aiken 


4) “eee 


— oO 


‘ - “oe io 
oe eee 


with number 00 cotton. The caudal loop was tied and a serrifine 
forceps was applied just caudal to the cranial loop. The vessel 
was nicked with iris scissors between loops and, using a stay 
stitch of six-O silk on either side of the nick, a heparinized- 
saline filled catheter was inserted cranially into the femoral 
artery. The vascular clamp was removed and about 12 cm of the ca- 
theter were inserted into the artery. This brought the tip of the 
catheter up the descending aorta to about the level of the left 
kidney. The catheter was secured in place with two ties of num- 
ber 00 cotton. The systemic blood pressure was monitored contin- 
uously from this cannula, and recorded. 

A lcm length of the femoral vein was then looped twice, in 
continuity, with number 00 cotton. Again, the caudal loop was 
tied and a 20 guage Argyle Medicut cannula was placed in the fem- 
oral vein, secured with cotton ties, and fitted to the intravenous 
line of a Buretrol 100 ml Burette solution administration set. 
After intravenous fluid flow was established, the femoral cut- 
down site was packed with saline-soaked sponges. 

A six to seven centimeter midline incision was made caudally 
from the umbilicus through the skin, fascia and linea alba, into 
the abdomen. The cranial tip of the urinary bladder was grasped 
and the bladder was pulled from the abdomen. The abdominal in- 
cision was packed off with saline soaked sponges. The bladder was 
emptied of urine (if any) with a syringe, and was incised longitu- 


dinally on the ventral surface through a relatively avascular 


plane. The ureteral catheter was passed into the left ureter 
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through the left ureteral papilla to a level of about 10 cm. The 
catheter was secured inside the ureter by a peri-ureteral tie of 
number OO cotton just cranial to the junction of the ureter and 
the bladder. 

The abdomen was closed, skin edges being held together with 
Allis forceps, and covered with saline-soaked sponges. The halo- 
thane concentration was reduced to the maintenance level. Urine 
was collected continuously from the ureteral catheter. 

Three hours from the time of induction, appropriate venous 
and arterial blood samples were again taken for determination of 
blood gases, osmolarity, packed cell volume, and electrolytes. 

In cases where a steady urine flow occurred for forty minutes, 
renal function studies were performed. Using an LKB Perpex peri- 
staltic pump (model 10202) an infusion was made at a rate of 0.55 
ml per minute, into a marginal vein of the left ear. The infusion 
solution contained 6 pCi 14¢_paH and 150 nes 3y-inulin in 25 ml 
ofa solution containing 0.1% of both PAH and inulin an normal sa- 
line. Radioactive chemicals were purchased from New England Nuc- 
lear, of Boston, Mass. The inulin was 3H generally labelled, cat- 
alogue number NET-314 L, with a specific activity of 1.0 mCi per 
2.6 mg. The PAH was p Giveyl=1- sc) aminohippurate, catalogue 
number NEC-563, in a 0.01 N HCl solution, with a specific activity 
O20, 05 mCi sper 0.22 mg. 

Two twenty minute urine samples were collected beginning 2 
minutes from the start of the infusion. A 1 ml blood sample was 


drawn from the right Gar at the beginning of each collection, and 
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at the end of the second collection. The results of isotope anal- 
ysis of these samples were used to calculate renal clearances ac- 


cording to the following formulae: 


Effective Renal Plasma Flow (ERPF) 


Clearancepa;, at low plasma concentrations of PAH 


= Upay - Vu 7 Ppan 


where Upay is the concentration of radioactive PAH in 
the urine, 


PpayH is the concentration of radioactive PAH in 
the plasma, and 


Vy is the rate of urine production. 


Glomerular Filtration Rate (GFR) 


Clearancey;, 


Cin - Vy v4 Prin 


where Ure is the concéntration of radioactive inulin 
in the urine, 


eae is the concentration of radioactive inulin 
in the plasma, and 


Vy is the rate of urine production. 


D. METHODS 

Serum and plasma for serum electrolytes, isotope counting, 
and osmolarity measurements were prepared by centrifuging venous 
blood in a test tube for 5 minutes at 1000 rpm in an IEC Model CL 


VHintcal Centrifuge: (Locon type 23), 


Electrolyte concentrations were determined in both serum and 
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urine using an Instrumentation Laboratories Flame Photometer Model 
143 for the sodium and potassium, and a Buchler-Cotlove Direct Re- 
ading Chloridometer Model 4-2008 for the chloride. 

Hematocrits were determined by taking venous blood in Dade 
heparinized hematocrit tubes. The tubes were centrifuged in an 
International Equipment Micro-capillary centrifuge (model MB) for 
4 minutes. The length of the column of packed cells was divided 
by the length of the entire sample to give per centage packed cell 
volumes. 

Osmolarities of serum and urine were determined using a Pre- 
cision Systems Osmette S Model 4002 Automatic Osmometer. 

Blood gases were determined with a Radiometer Blood Micro 
System BMS 3 and Radiometer Acid-Base Analyzer PHM 71. 

Isotope content of plasma and urine was determined by oxid- 


izing a 200 pl sample of either in a Packard Model 306 Sample Ox- 


idizer followed by counting in a Searle Mark 3 Liquid Scintillation 


Counter, for ten minutes. 
Statistical analyses were performed according to Sokal and 
Rohlf (1969) using tables from the Handbook of tables for Prob- 


abi lityeand~Statasticse (LOGS) 
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CHAPTER LIL 


ye eto Mem aS 


FASTING 

During fasting, there was an increase in the coprophagic act- 
ivity of all rabbits. This produced a noted reduction in hard fe- 
cal waste under the cages. The rabbits also seemed to drink more, 
but this was difficult to document because the rabbits allowed wa- 
ter to dribble while they drank from the graduated bottles. 

Fasting for 24 hours caused an increase in urine production 
ECOME42 Ow eosml/nr insthe resting rabbit to 731 + 4.7) mi/hr in 
the fasting animal (results will all be given as the mean value 
plus or minus the standard deviation). This increase is signifi- 
cant (p< 0.05). The 24 hour fast caused a slight increase in the 
yenous hematocrit trom 432 2° 257s the resting to 4473 "t92 57% 
in the fasting animal, an insignificant increase (p >0.05). 

Urinary concentrations of sodium, chloride, and potassium 
dropped during the 24 hour fast. The urinary sodium concentra- 
tion decreased significantly” (p <0/001)* from 63.3) 81.2 MEq/IT in 
thetresting Yabbit to 2S.se2 16s) mEg/) in the fasting” animal. 
Urinary chloride concentration decreased significantly (p< 0.01) 
frome70. ott 43,4) mEq/l in® the. resting *tones 7/2/33 .4 mEq/l in’ the 
fasting state. Urinary potassium concentration dropped signifi- 
cantly (p<0.001) from 168 + 70 mEq/l in the resting to 68 + 40 


mEq/l in the fasting state. The rates of sodium, chloride, and 
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potassium excretion, were also reduced by fasting. Sodium excre- 
tion dropped significantly (p<0.01) from 4.4 + 2.3 pEq/min in the 
resting to 2.5 + 1.8 pEg/min in the fasting state. Chloride ex- 
cretion dropped significantly (p< 0.05) from 5.2 + 2.9 pEq/min in 
Enearesting, toss.0.2 325 pEq/min in the fasting state. The sligh- 
tly greater excretion of chloride over sodium in the resting state 
or the fasting state, is not significant. Potassium excretion 
dropped ssagnificanbive (pi<07 00OMwEromea2 704+ 74.8 pEg/min in the 
resting to 6.0 + 253  pEgq/min in the fasting state. 

Fasting also reduced urine osmolarity significantly (p< 0.001) 
trom 120459275 52l0smol/2-ain? the? resting, otos542 r+) 300"0smol/1ein 


the fasting state. 


ANESTHESIA 

In an earlier series of experiments, an attempt was made to 
determine an effective dose of atropine in rabbits. The effects 
of large intravenous dosages (0.1 mg of atropine sulphate) were 
difficult to distinguish from the effects of smaller subcutaneous 
injections (0.05 mg), or no atropine at all. In this series of 
experiments, no premedications of any kind (including atropine to 
avert potential bradycardia) were used. During the induction of 
anesthesia, animals properly conditioned through familiarization, 
did not hold their breath nor struggle appreciably. Anesthetized 
animals breathed deeply and regularly at a minute respiration rate 
of 62 + 21. Over a three hour anesthetic period, breathing became 


more shallow and rapid, although it remained quite regular. 
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After induction of anesthesia, the heart rate was regular 
(311 + 27 beats per min) and the ECG was normal in all cases 
where the ECG leads were functioning correctly. There was a 
slight reduction in heart rate among control rabbits and those 
Teseivang) 0.5 OnnL.0 ml saline pemsminuce (293 7.2 217) 302 + 25, 
and 289 £ 20 beats/min, respectively), but this was not signif- 
icant. There was a highly significant (p< 0.01) reduction in the 
heart rate after three hours, among rabbits in the group receiving 
2.0 ml saline per minute (253 + 50 beats/min). Changes in heart 
rate are demonstrated in Figure l. 

Systolic blood pressure (Fig. 2) for all rabbits, as a group, 
was 72 + 9 mm Hg after anesthetic induction. During the three 
hours after anesthetic induction there was a significant systolic 
pressume crop: (to 16let) 10 mnogo) wane the control group: (p<0.05).. 
Systolic blood pressure in the groups receiving 0.5 or 1.0 ml sa- 
fine pen minute, did not change significantly (71 + 14 and 74 2 
10 mm Hg, respectively). In the group receiving 2.0 ml saline 
per minute there was a systolic pressure drop (to 60 + 25 mm Hg), 
but it was not significant. Diastolic blood pressure (Fig. 3) 
after induction of anesthesia was 43 + 12 mm Hg. Only the group 
receiving 2.0 ml saline per minute showed a drop (to 32 + 14 mm 
Hg) in diastolic blood pressure, but this drop did not prove to 


be significant. 


SURGERY AND FLUID ADMINISTRATION 


Only eight rabbits (of the twenty-four) produced any urine 
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Figure 1 
Heart rate 3 hours after anesthetic induction vs. intra- 
venous saline infusion rate and initial heart rate. Initial rate 
is shown as the mean plus or minus the standard deviation (n = 24) 


and rates after 3 hours are shown as individual values. 
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Figure 3 
Diastolic blood pressure 3 hours after anesthetic ind- 
uction vs. intravenous saline infusion rate and initial diastolic 
blood pressure. Initial pressure is shown as the mean plus or 
minus the standard deviation (n = 23). Pressures after 3 hours 


are shown as individual values. 
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during the course of the experiment. Of these, only one (a member 
of the 2.0 ml group) produced urine throughout the entire proce- 
dure. The other seven stopped producing urine after a period ran- 
ging from 5 to 85 minutes. Rabbits in the control group produced 
urine for an average of 5.8 minutes, while no rabbit in the group 
receiving 0.5 ml saline per minute produced any urine. Rabbits 

in the groups receiving 1.0 and 2.0 ml saline per minute produced 
urine for an average of 21.2 and 40.8 minutes, respectively. Be- 
cause of the lack of sustained urine flow, only one clearance 
study was completed, though several were started. Figure 4 demon- 
strates that urine production was severely reduced during anesthe- 
Sia and surgery in the rabbit. The average urine production dur- 
ing surgery for all animals including those that did not produce 
urine, was 0.40 + 0.85 ml/hr. The number of animals that produced 
no urine at all, is indicated by the standard deviation being 
greater than the mean value. Doubling unilateral flows would bring 


the urine production rate into the low pre-operative range, only in 


the cases of some of the rabbits receiving 2.0 ml saline per minute. 


Among those rabbits that did produce urine, sodium and chlo- 
ride excretion tended to be higher while urine was being produced, 
than either the resting or the fasting state, in animals receiving 
either of the two higher infusion rates. Unilateral sodium excre- 
tion from animals producing any urine during surgery, was 3.1 + 
2.8 pEq/min in animals receiving 1.0 ml and 5.2 + 3.7 pEq/min in 
animals receiving 2.0 ml saline per minute. Unilateral chloride 


excretion from animals producing urine during surgery, was 3.0 + 
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Figure 4 

Total unilateral flow vs. intravenous saline infusion 
rate and initial bilateral urine flow in the resting and fasting 
rabbit. Initial urine flows in the resting and fasting rabbits 
are shown as the mean plus or minus the standard deviation (n = 
24). Total urine flows are shown de Sada eet values based 
upon total unilateral urine volume produced within the two hours 
after ureteral cannulation. Each of the four rates of saline 
infusion was administered to 6 animals; where fewer than 6 re- 
sults are displayed, animals unaccounted for, also, produced no 
urine.) Accordingly, in ithe. control, 70.5 emi, 2 .0-mibeanduc.co.m. 
groups, 4 animals, 6 animals, 3 animals, and 3 animals, respect- 


ively, produced no urine. 
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2.7 pEg/min from animals receiving 1.0 ml and 4.5 + 3.7 pEq/min 
from animals receiving 2.0 ml saline per minute. A slightly 
greater excretion of sodium than chloride seems apparent in the 
anesthetized state, but it is not significant. Unilateral pot- 
assium excretion tended to be lower (1.2 + 1.0 pEg/min) in those 
animals that produced urine during anesthesia, than comparible 
values in resting or fasting rabbits (bilateral excretions of 
ee Orr. Gand "O. Or tm 5 pEd/min, respectively). Serum potassium 
levels, however, seemed to increase (from an initial value of 3.9 
Sel eO med /a tos, 59t 1. fy mig, Patter 3 Nours OLranesthesia rand 
surgery). 

Sodium concentration in the urine that was produced during 
surgery, averaged 147 + 32 mEq/l. The concentration of this ion 
in urine from resting and fasting animals was 63 + 31 and 25 + 
19 mEg/l, respectively. However, the concentration of sodium ion 
in the serum just after anesthetic induction was 164 + 15 mEq/1 
and this concentration had not changed appreciably (161 + 15 mEq/1) 
after three hours of anesthesia and surgery, despite fluid admin- 
istration. Chloride concentration in urine produced during sur- 
gery and anesthesia averaged 132 + 37 mEq/l. The concentration 
Or this Lon’ in serum was initially 123" 11l*mEq/T"and* was" not™ap- 
preciably different (128 + 9 mEq/l) after 3 hours of anesthesia 
and surgery. Pre-operative concentrations of chloride ion in 
urine were 71 + 43 mEq/l and 34 + 33 mEg/1 from resting and fast- 
ing animals, respectively. 

Serum osmolarity was initially 343 + 25 osmol/l and had not 


significantly changed after 3 hours of anesthesia and surgery 
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(349 + 26 osmol/1) despite fluid administration. Urine osmolarity 
during anesthesia and operation (522 + 51 osmol/1l) was lower than 
that of the urine from resting rabbits (1204 + 552 osmol/l), but 
within the range of osmolarities of urine from fasting rabbits 
(542 + 300 osmol/l), and the rabbits had, of course, been fasted. 
Figure 5 shows that the pH of arterial blood (initially, 
7.354 + 0.072) was severely reduced (p< 0.01), during surgery, 
Chily Dy rasalinewiniuston;oLe2 Camper amine (on otiy,Os0et: ON202)-. 
The pH of arterial blood was not significantly reduced in control 
animals nor in those receiving an infusion of 0.5 or 1.0 ml per 
Menucem(DHus Otis. o0 tt Uso On maotoet 0064) andes.056° 07 320, 
respectively). More observations would be required in order to 
determine whether an infusion of 1.0 ml/min actually does reduce 
aubenbats bl OOdgDH a Lie pCO nOLmarterial blood (Fig. 6) wid, not 
significantly change (from 41.7 + 7.0 mm Hg, initially) in rabbits 
receiving 0.5 or 1.0 ml saline per minute (38.7 + 10.6 mm Hg and 
95 + 75 mm Hg, respectively). However, this parameter was signif- 
icantly reduced (p<0.01) among rabbits receiving no appreciable 
intravenous fluid (25 + 2.5 mm Hg), and significantly elevated 
(p< 0.01) in those receiving 2.0 ml saline per minute. Arterial 
blood pCO, in this. latter group was.00.o. + 23.56 mm Ho. Figure / 
demonstrates that the pO» of arterial blood during surgery (init- 
ially, 125 + 22 mm Hg) was severely reduced (p< 0.01) only among 
rabbits receiving 2.0 ml intravenous saline per minute (71 + 24 
mm Hg). 


The intraoperative venous hematocrit was, also, influenced 


32 


eof — sobestnt 


a1. naw IN 
a 
» pretiooes sents med aie 
: . "¢ 
an 
; ¢ CEL. ¥2 1 Nal ea: : 


at em te a ash Bag 
tq Webod & sorts emule fg tows -1@ = a) motsalved 
| — eatinn tnceaveni 


Figure 5 
Arterial blood pH 3 hours after anesthetic induction 
vs. intravenous saline infusion rate and initial arterial blood 
PH. Initial pH is shown as the mean plus or minus the standard 
deviation (n = 9). Blood pH values after 3 hours are shown as 


individual values. 
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Figure 6 
Arterial blood pCOy 3 hours after anesthetic induction 
vs. intravenous saline infusion ee and initial arterial blood 
pCO2- Initial pCOz is shown as the mean plus or minus the stan- 
dard deviation (n = 9). Blood PCO> values after 3 hours are 


shown individually. 
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Figure 7 
Arterial blood pO», 3 hours after anesthetic induction 
vs. intravenous saline infusion rate and initial arterial blood 
p02. Initial pO>5 is shown as the mean plus or minus the stan- 


dard deviation (n = 9). Blood p05 values after 3 hours are shown 


individually. 
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Figure 8 
Venous hematocrit 3 hours after anesthetic induction 
vs. intravenous saline infusion rate and initial venous hemato- 
crit in the resting and the fasting state. Initial hematocrits 
in the resting and fasting states are shown as the mean plus or 
minus the standard deviation (n = 24). Hematocrits after 3 


hours are shown as individual values. 
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by saline administration. Figure 8 indicates that only in rabbits 
receiving 1.0 ml or 2.0 ml saline per minute intravenously, was 
there a noticable drop in the hematocrit (to 37.9 + 2.3% and 35.2 
+ 4.2%, respectively, from 44.3 + 2.8% in the fasted animal). 

This drop was highly significant (p<0.001) in both cases. There 
was no correlation, whatever, between the fasting rabbits' hemat- 
ocrit and urine production during anesthesia and surgery. 

From the single successful attempt to perform a clearance 
study, there are interesting results. The urine production was, 
in) this case, 0.045\ ml/min. The hematocrit was 34.8%. Inulin 
clearance was 1.80 ml/min, and PAH clearance was 8.47 ml/min. 
Using the hematocrit and the PAH clearance, an effective renal 


blood flow of 13.0 ml/min could be calculated. 
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CHAPTER IV 


D insre UPS5 5 7LROaN 


Before discussing the results of this study, one point 
should be clarified. Saline with a sodium chloride content of 
0.9% contains approximately 154 mEq NaCl per liter. Human serum 
contains from 135 - 145 mEq sodium and 95 - 105 mEq chloride per 
liter. This means that 'physiological' saline is not physiolog- 
cals) yNelthervis itichemically ajlen solution, though it jis *re- 
ferred to as 'normal' saline by many investigators oriented to- 
ward fields other than chemistry. In infusing this solution, 
one should be particularly aware that there is a much higher 
chloride concentration in this solution than in normal human 


serum. 


FASTING 

Fasting was necessary to overcome the difficulties encoun- 
tered in earlier experiments while performing abdominal surgery 
on animals with a full digestive tract. Such rabbits showed a 
strong pressor response to manipulation of the viscera, with an 
often-fatal drop in blood pressure. Some animals (for example, 
the dog) tend to become oligodipsic and dehydrated upon fasting. 
Rabbits apparently become polydipsic during a fast (Cizek, 1961). 

From the observed increase in rabbit coprophagy during fas- 


ting, it seems likely that Murdock's observation (1969) of full 
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stomachs in rabbits even after five days of fasting, is due to 
reconsumed fecal material, rather than slow digestion of food. 
Food deprivation for 24 hours did, indeed, cause rabbits to be- 
come polydipsic and diuretic, as Cizek (1961) had demonstrated, 
but produced no change or a slight increase in the venous hema- 
tocrit. This suggests the possibility that food deprivation for 
24 hours may slightly dehydrate the rabbit. The concomitant drop 
in urinary electrolyte concentration, is not simply a dilutional 
effect due to the increased urine volume, since the rates of el- 
ectrolyte excretion were also reduced by fasting. The reduction 
in urinary electrolyte concentration is also reflected in a drop 
in urine osmolarity. This means, in summary, that the fasted 
rabbit conserves electrolytes, probably in response to the sev- 


ere reduction in electrolyte intake from the diet. 


ANESTHESIA 

Rabbits seem resistant to the effects of atropine. Godeaux 
and Tgnnesen (1949) reported that rabbits tolerate very large 
doses of atropine, because many rabbit livers contain high levels 
of an enzyme which later became known as atropine esterase, which 
rapidly destroys the drug. Our results are consistent with such 
an explanation. The use of such pre-medications would only have 
complicated our research. 

Without any pre-medications, rabbits can be successfully 
anesthetized without visible stress by inhaled halothane concen- 


trations of 24%. Our value (62 + 21) for the rate of respiration 
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in anesthetized animals does not differ greatly from that of 51 
breaths per minute, reported by Weisbroth et al (1974) in the 
resting rabbit. Weisbroth, also, reports that the resting heart 
rate in the rabbit is 306 - 333 beats per minute. Arrington and 
Kelley (1976) report a range of 123 - 304 beats per minute. Our 
range, in the just-anesthetized animals, is from 283 - 339 beats 
per minute, which does not differ greatly from the reported res- 
ting measurements. This range of heart rates was not significant- 
ly changed, after 3 hours anesthesia with surgery, among animals 
receiving 0.5 ml saline per minute. Heart rates were significant- 
ly reduced, however, among animals receiving 2.0 ml saline per 
minute, and animals in this group show greatly increased statis- 
tical variance of heart rate after 3 hours. The mechanism by 
which large saline loads reduced the heart rate during anesthesia 
and surgery, is not entirely clear. Ledingham (Morson, 1977) has 
suggested a mechanism that may be responsible. He states that 
acidosis causes a reduction in the formation of 2:3 diphospho- 
glycerate. When the concentration of 2:3 DPG, a hemoglobin 1li- 
gand, in the red blood cell drops, oxygen binding increases and 
less oxygen is released to the tissues. The acute response is 

a small reduction in mixed venous oxygen tension. This is re- 
versed gradually by an increase in cardiac output; a fall of 4 

mm Hg in the mixed venous oxygen tension would require a doubling 
of cardiac output to maintain the same oxygen supply. This im- 
poses a considerable load on a myocardium that is already stress- 


ed by anesthesia and surgery. Myocardial performance in the face 
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of hypervolemia might well be reduced accordingly. 

Cardiac output is calculated by multiplying the heart rate 
by the cardiac stroke volume. Westermark and Wahlin (1969) con- 
sider lowered cardiac output a more important cause of halothane 
hypotension, than reduction of peripheral vascular resistance. 
If this is correct, then halothane hypotension is primarily due 
to a reduction in stroke volume, since we found no significant 
reduction in heart rate just after induction, but there was a 
Significant reduction in arterial blood pressure (normally, 110/ 
80 according to Weisbroth et al; our just-anesthetized rabbits' 


pressures were 72 + 9 / 43 + 12 mm Hg). 


SURGERY AND FLUID ADMINISTRATION 

Two thirds of all the rabbits in the experiment, displayed 
complete anuria during surgery. Increased ureteral pressure of 
any Significance would have been accompanied by high sodium re- 
absorption (Kiil & Aukland, 1961; Suki et al, 1971) which was 
not observed in our anesthetized rabbits. The ureteral catheter, 
therefore, cannot be blamed for the anuria, especially in view 
of the eight cases where urine was produced. The anuria might 
have been influenced by the femoral cut-down and stimulation of 
the femoral nerve. Cort and Barron (1948) found that stimulating 
the central end of a cut sciatic nerve, resulted in impulses of 
the same frequency in the splanchnic nerves. Goodwin et al (1949) 
produced several cases of bilateral renal ischemia and anuria, 


by stimulating the sciatic nerve, in both dogs and rabbits. 
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Goodwin also reports that splanchnic stimulation produces an 
outpouring of catecholamines (with mainly an adrenaline/nor- 
adrenaline effect) into the circulation (see also Elliot, 1912), 
with a subsequent renal vasoconstriction. Vasoconstriction due 
to nerve involvement has been considered unlikely during deep 
Surgical anesthesia, since there was thought to be reduced sym- 
pathetic tone. However, in view of Millar's observation (1971) 
that halothane in the rabbit actually increases sympathetic act- 
ivity, it is possible that the nerves may be involved in cate- 
cholamine release. In any case, opening the abdomen, handling 
the viscera, and operating upon the lower urinary tract (in spite 
of great care) are probably far more important causes of splanch- 
nic stimulation and catecholamine release, than femoral nerve 
stimulation. 

The anuria mechanism is also, undoubtedly, related to the 
low arterial blood pressures caused by halothane anesthesia. 
Renal autoregulation can be abolished by mean arterial blood 
pressure lower than 80 mm Hg (Leighton et al, 1977). Below this 
pressure, GFR, RBF, and urine flow, are directly related to the 
blood pressure, but according to research in the dog (Shipley & 
Study, 1951), mean arterial pressures of greater than 60 mm Hg 
should permit urine production. Our experiment did not demon- 
strate this: animals with mean arterial blood pressures of more 
than 60 mm Hg did not necessarily produce urine, nor did animals 
that produced urine necessarily have arterial blood pressures 


greater than 60 mm Hg. If the renal arteriolar blood pressure 
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is reduced lower than the systemic arterial blood pressure (of 
say, 82/52), by adrenaline/noradrenaline-mediated vasoconstric- 
tion, there may be very little production of glomerular filtrate. 
Furthermore, this extremely low filtrate volume may be almost en- 
tirely reabsorbed in the distal tubules and collecting ducts, due 
to increased ADH secretion. Adrenaline may stimulate increased 
ADH secretion (Papper & Ngai, 1956), and the result of all of 
these factors would be a negligable production of urine. 

In cases where urine was produced, splanchnic stimulation 
and other causes of catecholamine release may not have been se- 
vere enough to cause adrenaline-mediated vasoconstriction to the 
point of terminating urine flow. In such cases, the urine pro- 
duction was still reduced, probably due to the abolition of auto- 
regulation by hypotension, with a subsequent urine production 
that was directly related to the arterial blood pressure. 

Part of the hypotension in our experiment may be attributed 
to the sequestering of fluid to the 'third space" due to the 
trauma to tissues, during surgery. This was not a major cause 
of the hypotension, however, since the venous hematocrit in an- 
imals receiving no appreciable intravenous fluid, was not signif- 
icantly increased. We assume that there was some surgical trauma 
to tissue and , in fact, all animals tested demonstrated the ex- 
pected slight increase in serum potassium levels. 

Adequate urine output has been referred to as the 'poor 
man's cardiac output computer' (Howells, 1977). The concept, 
that specific urinary volumes reflect adequate hydration (Voss, 


1976), is widespread among clinicians. There is, therefore, the 
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tendency to overhydrate in an effort to achieve arbitrarily es- 
tablished rates of urine production. Beechwood et al (1964) and 
others seem to have done this. In our study, fasting tended to 
increase urine production, but may also have dehydrated the an- 
imals a little (the hematocrit rose slightly -- a larger number 
of observations would be required to establish whether this is 
Significant). Large intraoperative saline administrations also 
tended to increase urine production, but were accompanied by 
complications. We observed little difference between urine and 
serum concentrations of sodium or chloride, suggesting little 

or no selective reabsorption of these ions. This, together with 
the observed low urine osmolarity, is typical of vasomotor neph- 
ropathy. This does not mean that none of the filtrate was reab- 
sorbed, however, but certainly indicates that blood was probably 
not shunted towards the juxtamedullary nephrons with their grea- 
ter sodium reabsorptive capacity, at least in the cases where 
urine was produced. Saline infusions are generally said to in- 
crease sodium excretion independent of the filtered load, min- 
eralo-corticoids, ADH, dilution of plasma proteins, or angioten- 
Sin (Blake & Jurf, 1968). As sodium intake is increased, never- 
theless, the production of aldosterone (a mineralo-corticoid) is 
decreased (Valtin, 1973). This leads to decreased tubular reab- 
sorption of sodium, but whether this mechanism is uniquely re- 
sponsible for the electrolyte concentrations we observed, is not 
yet established. 


Crepeau et al (1977) showed that urinary excretion of 


~ct t Seataeligaal vert crete. ata ud 
- qu deie Seger a? ® ++ gir ie sabcnall 


eo) mits ued te \ivildaien ' o ioe 


4 


: sik aaa 
hat 6 +e Bs Sale) are asitha vost : ee 
a 


yr 247 LAT & oat; Bag $201 Jpemwhe Beare" f 
oie a 7 


15 sols deweeg ofietallh 2 ent olgasae :& 7" aioe 

elsiah % tune n yebesaly) Ye wind ote fo sence 

atin ctYancd: @te® via) weed? Qu qeisq wars ere, wa 36 ; 
| Beta? be «VI ka temas askew weal, irs ” i _ 

sontnewe Baader wee onde fo ptr “tind: ign - 

freh’) bet? ae ber wed eS Rs tihowrg ous Gee aneadiedl find mate § ic) 

ri . t 

\) witdw eenm. ste ol Sager ck .eia ee nv i qpeedeat miboe wee ft 

Yi ta sdenes esd wie dl/Pnk aise ae ae) ae 

bask tanarlit er? fi doasgehed elie artis hoe 

A ‘ | 

sfipitn aor sikt oh aie | to hWalseith ~Aaa: -ebipatauenns 

rey \beanetcalh et s8eice ee fuse whe. POQIEL rs ® were | 

Bei 

ar? te binge 3 pastigeanil OF ohne d ei Wty » LETS hb tev) 

i yloupiny ot aa Ciaats oot étsit arene tid geanthos Be 

tan «h «heveiads We anelrartasonce way bovaoets ad? 20% ® 


a mat : ] 


a asouianidiiitl sorte newega (vee) sl “ 


' - $3 page es, 
age ; y } Fe : 
() i bh | 7 Sc | 


hydrogen ion increases during metabolic acidosis, and suggest 
that this may be due to increased chloride availablity at renal 
Sites of hydrogen secretion. They report a greater loss of chlo- 
ride than sodium in the urine during control, metabolic acidosis, 
or conditions of extracellular volume expansion, in the unanes- 
thetized human. The only major pH regulatory action of the kid- 
ney that is depressed during or after a major operative proced- 
ure, is the differential excretion of chloride during intravenous 
saline infusion (Moyer, 1950). Our results do not contradict 
this. Rather, they suggest an insignificantly higher secretion 
of sodium. A larger number of observations would be required 

to establish whether this difference is real. Moyer claims that 
if chloride is not excreted significantly faster than sodium, a 
dilutional acidosis (Shires & Holman, 1948) may be induced. An- 
imals in our group infused with 2.0 ml saline per minute, seem 
to have developed such an acidosis, reflected in their decreased 
arterial blood pH and increased)pCO>5 values. From animals re- 
ceiving an infusion of 1.0 ml/min, the blood gas observations 
are not numerous enough to allow conclusions. Blood gas obser- 
vations were, in fact, made on only the last eleven animals used 
in the study. Hence, only limited conclusions can be drawn. 
Animals receiving no intravenous fluid seemed to become slightly 
alkalotic after 3 hours (they showed significant reductions in 
arterial blood pCO 7). This may be due to a decreased perfusion 
of the peripheral tissue with accumulation of metabolic by-pro- 


ducts there, rather than in the central system. In addition to 
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eontrabuting tordilutpronal jacidosis, \infusionso£f 2.0.ml saline 
per minute also caused a significant reduction in the p05 of ar- 
terial blood. Earlier experience had indicated that the use of 
1:5 oxygen:air during anesthesia, produced arterial blood pOs 
values in the upper normal range for rabbits. Yet rabbits in 
the 2.0 ml group developed some very low pOz values. This may 
be a result of diluting the red cell (primary carriers of oxygen) 
concentration in the blood, since both 1.0 and 2.0 ml saline in- 
fusions significantly reduced the hematocrit. Another explan- 
ation is, that large fluid loads may permit pulmonary edema and 
thereby compromise respiration and oxygen availability. 

Moyer (1950) suggests that Hartman's solution will not cause 
the dilutional acidosis commonly associated with sodium chloride 
solutions. Ringer's lactate solution has also been suggested, 
but it has been concluded that since some patients might not be 
able to metabolize the lactate, a further acidotic effect might 
be contributed. Lindeman and Papper (1975) state that there is 
no evidence favoring Ringer's lactate over any other balanced 
salt solution or sequential use of non-combination solutions. 

Beechwood et al (1964) achieved urine productions in anes- 
thetized rabbits, of 2-3 ml/min per kidney. Barraclough et al 
(1970), Jorgensen et al (1972), and Sudo et al (1977) apparently 
obtained urine production in their surgical rabbit-preparations, 
but none of the three mentionned a specific rate of flow. Sudo 


6teal) (1977 )iereporteleftyrenaisb loodsilows)of539.3.¢ 2..6-mL/min 


at mean arterial blood pressures of 93 + 4 mm Hg, in pentobarbital 
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anesthetized rabbits weighing about 3 kg. These researchers did 
not monitor blood and cardiovascular parameters, and make no men- 
tion of respiratory assistance to their animals. However, if 
cardiac output in a 3 kg rabbit is about 400 ml/min (Korner, 
1963) and normal RBF is about one fifth of cardiac output, then 
each kidney might well receive about 40 ml/min. These flows are 
much greater than our calculated left renal blood flow of 13 ml/ 
min. Adjusting our value according to an 80% PAH extraction (Sudo 
et al, 1977), still gives a very low effective RBF. Three factors 
may be responsible for differences between our urine production 
and clearance results, and those reported in the literature. 
First, halothane hypotension may have reduced arterial blood pre- 
ssure below the lower limit for autoregulation. Second, our GFR 
and RBF calculations are based on clearance studies, but clear- 
ance studies may not be a reliable way of studying renal function 
under surgical conditions (Balint, 1963). Third, anuria may be 
the rabbit's normal response to anesthesia and surgery. 

In studies on anesthetized, fasted dogs, infusing an equiv- 
alent of 0.15 ml 0.9% saline per minute per 3 kg produced no sig- 
nificant variance in renal clearance studies from control values 
(K6vér, 1976). However, in a hypervolemic group under similar 
conditions, the sodium and water excretion was elevated greatly. 

Of more than one hundred rabbits used in the development of 
this research, only one multiple renal vessel was seen. Korner 
(1963), Forster (1947) and Brod & Sirota (1949) have demonstrated 


that renal studies in the unanesthetized rabbit are reproducible 
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and that, in a non-distressed state, the rabbit's circulation is 
Stable. Research by Blake and Jurf (1968), in rabbits weighing 
from 2-3 kg undergoing major abdominal surgery, suggests that 

0.7 ml/min of a 0.5% saline solution containing potassium chloride 
and mannitol, is sufficient to induce a mild diuresis. Mannitol 
is a powerful osmotic diuretic, and can also prevent swelling of 
kidney tubular cells (Boba & Landmesser, 1961). A need for its 
use in the rabbit during surgery, further suggests that the rab- 


bit is not a good model for renal research involving surgery. 


SUMMARY AND CONCLUSIONS 

Under the conditions of these experiments, fasting causes 
polydipsia and diuresis in rabbits. Fasted rabbits conserve 
electrolytes. Halothane can be used as sole anesthetic agent 
in rabbits, but causes significant hypotension. Fluid admini- 
stration, of 0.5 ml of a 0.9% saline solution intravenously, is 
beneficial to rabbits weighing about 3 kg, during anesthesia and 
surgery. Saline infusions much less than or much in excess of 
this, are undesirable in metabolic studies on anesthetized rab- 
bits. Excessive saline infusion leads to the production of ab- 
normal urine, the reduction of heart rate and blood pressures, 
and the creation of acidosis, during surgery. Under the condi- 
tion of optimal saline administration (0.5 ml/min/3 kg), halothane 
anesthetized rabbits do not reliably produce urine during a pro- 
cedure involving surgery, and so are not a suitable model for 


such renal studies. 


OO Ye a 

eee SS 

i‘ or r 

a Ss ~ a Ay _ | 

ee és. a x “ 
eh enue ne ae 


fe 
: a 


ond if es Lente, iglalaketiess ih ‘so 
Count, agebig reek Rbe. ae a ceaitaand ot ae a ; : : 
a5 A Ly sup. De wersq cai seats bam pee bite ee 
vate inch “eed & [aka elemgneiiiad, chet wiodies % 
| haley ale ae Se wen +i ewe seh ii 


Lae | 
ig 
Se tee 


voor paiviewal #aaeth en. femme ‘ace Inia bovie. ite 


jeu ediven4’ 'eanqks aan ah <2 9 pened bbaos oda. reba 
pari a 7ees jam ati twa wut eheawwib bie | 
/ 2% - Wy tay Rion of : met : 4 onatiotadl aon sone 
wit | 7 hei ‘ond Je20) tosia sashes wd teen 2 
| ri . 

ihe: ‘Lavospvesind oieio’ saline oF i} < %o a ad no 0 net | 
inp thoodsagin pate gone) Fyoda yohdiole@ ea.eges of iateit 
:3f rogh Rhowbewted eaiAee <4 
nite ae dhe tiene: et $e let o- ot fods Jem ay eee seta eae ii: 
1H nok ooh Oa oe ates s ' HO82 ins: ert iam ovannnons ; 
Lene aN june bet Ly ae can to AcAdceseti ard: vanbay, 
Lantus eo woh “Earp awe githiaf cn inohtow tes motte wi 


est Celina ae) Aoktensecahaby aahhaw deatsao vs 


rey o va make wie ¢ kth) Lox, Sot — 


o 


$y Coben wien hit & aide en tee Cl EES 


CHAPTER V 


Sy V iis Ys OWE, Be sii Ny) BES eG ON AS lr UR 8 Bia Sab 2 


A. PURPOSE OF RENAL FUNCTION 


The mammalian kidney is the seat of intense metabolic act- 
ivity. It receives large volumes of blood flow and consumes a 
conspicuous amount of oxygen. For practical purposes, the kid- 
ney is the major mode of water loss and the only filter capable 
of retaining base and losing acid (Boba & Landmesser, 1961), al- 
though other tissues have some similar responses to changes in 


acid-base parameters (Crepeau et al, 1977). 


B. INTRACORPOREAL FACTORS INFLUENCING RENAL FUNCTION 


Renal Anatomy 

The functional unit of the kidney, is the nephron. It con- 
Sists of a glomerular capillary network that is surrounded by 
Bowman's capsule, a proximal convoluted tubule, a loop of Henle, 
a distal convoluted tubule, and a collecting duct. 

In 1842, Bowman defined fundamental renal blood flow as be- 
ing first through the giomeruly, (then to the’ tubular and: collec— 
ting areas, and out through the veins. This means that blood to 
the capillary beds around the tubules and nourishing the paren- 
chyma, has first passed through the glomerular capillaries (Boba 


& Landmesser, 1961). 
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Trueta et al (1947) anatomically delineated two types of 
glomeruli: cortical (superficial) and juxtamedullary. The dis- 
tinction between the two glomeruli was that a large calibre ef- 
ferent blood vessel passed from the juxtamedullary glomerulus 
into the medulla, while the small calibre efferent blood vessel 
from the cortical glomerulus divided into a cortical capillary 
network. These are now considered distinguishing features of 
cortical and juxtamedullary nephrons, but it is recognized that 
some cortical type nephrons may be situated near the medulla and 
vice versa. Another difference between these types of nephrons 
is that juxtamedullary nephrons have a loop of Henle which ex- 
tends well into the inner renal medulla; superficial cortical- 
type nephrons have a shorter loop of Henle which only extends 
into the outer medulla. Juxtamedullary nephrons are thought to 
have greater sodium reabsorptive capacity due to their longer 
loops of Henle (Blake & Jurf, 1968; McCombs & Berkowitz, 1976). 

Apart from the loops of Henle, both nephron types are lar- 
gely cortical, with the glomeruli, most of the proximal and dis- 
tal tubules and the first portion of the collecting duct, within 
Ene eCOrLe xa (VALE tL 1 o)ce 

Studies with isotope-labelled microspheres demonstrate that 
almost all microspheres entering the kidney are trapped in the 
glomerular capillaries, (Neutzesetsal,.1968;.Sudo,et.<aly 1977).:; 
The renal medulla was free of them. This is consistent with the 
view that medullary blood supply is usually post-glomerular. 


Therefore, oxygen supplied to the parenchyma has already passed 
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through the glomerulus. 

Other important renal vascular features are that blood at 
the afferent glomerular vessel has a high pressure head and that 
this vessel has a greater bore than the efferent one (Boba & 
Landmesser, 1961). It can be seen, therefore that a high pres- 
Sure gradient can easily be created within the glomerulus. This 
would facilitate filtration, if the glomerular walls remained 
at all permeable to blood serum components. If afferent arter- 
iolar pressure is sufficiently low, filtration will cease, but 
flow to the renal parenchyma may not, so the parenchyma will not 
necessarily become anoxic. 

Two other anatomical factors bear mentionning before pro- 
ceeding. First, although the nephron is the functional unit of 
the kidney, it is of import that the nephrons, as a group, are 
encapsulated. This capsule is formed of strong fibrous tissue 
with little elasticity. The capsule will tolerate great increa- 
ses in tension without significant expansion (Boba & Landmesser, 
1961). Serious disturbances in renal physiology night be anti- 
cipated from acute elevations in intracapsular pressure. Decap- 
Sulation will prevent increases in renal vascular resistance af- 
ter trauma or hemorrhage (Bounous et al, 1960) but this is not 
an innocuous procedure, as renal autoregulation is permanently 
abolished. Second, although the kidneys are thought of as being 
alike in every way, the left kidney is usually selected for study 
because of the length of its pedicle and because the liver does 


not interfere with its dissection (Neely & Turner, 1959). 


Mee as re 
—eerq deta) 2° ely gredwrod Te mm a) j 


< Riel wane ape iad ; 


, & 


TeLopst oe a 7 la ed Je wrt! jan’ @aigal 40 eh a), igontew 


miUga's Ge PIS ey & 2h. Le ol oregon ner bata 


Vivien 1S 6S Pere. a sink devele aeuwse slike hated 7 
; : : i. 


LAE si CA * | Lie io eoonaoey overt seamart ys nomen 


ET charyeutey * uk bins nt? myIctee Lat Os cerubacnnny eteunoten dl 


Cate 25 


Torte Gort 


- abies abe atl seusnod tte, BES hey ask piso 
ener od Yaad scan oa a 


pet Herny at? OF ues WR soryitntentg dary: os 


veo epexetad Ute, «forges af? cyphoimeeter atdiial - 


Hie yeatkwlbyty fanet vib) ened tent eaokiet ne iy 


They Sepals: gate wines guts Ayeorty La yboages «bar 
-oobalag or gk. yw dst ! shel eit 4a motel abs ue 


arte ae 
2s i 


po sel matey ons’ ALiI2S wise ll salen ish sa — 
howe) sae OS bear~ (Pmt Ln ORS 2) ens) BE ates: saree tos 
soothe stiemare Sy adimedottiion ated! oaitet ob 6 scat | 
aad Zire masseter ia WSs; ‘ehinansine at ae 


ass, 


Sheena siieres eiianea 
nutter, “paw! oY rl “TRoiwrrane tego owt 


7 we AZ on? Lo. oi? me Ol? tid heal fpurnit Te york vy 


aiod)  nebeneges Jretibieein Seen ie anrensd a2 ws 1s 


wt JApeew iAeney nd soge stern te iitw nowt rs 


4 v= 


‘Coste 
el 


56 


Direct stimulation of the renal nerves can cause vasocon- 
striction. When it does, the blood remains in the systemic cir- 
culation. This is taken to indicate that the afferent vessel 
constricts (Boba & Landmesser, 1961). Under severe conditions 
of such vasoconstriction one would expect ultimate tubular dam- 
age, if it occurred, involving most structures in the cortex, 
but would damage be confined to the cortex? 

In 1947, Trueta published studies showing that in the rab- 
bit, the blood flow through the kidney might, on occasion, fail 
to perfuse the peripheral part of the renal cortex, while being 
maintained through the deepest zone of the cortex and through 
the medulla. The literature reports unpredictable and variable 
duplication of this ‘cortical ischemia with juxtamedullary shun- 
ting, S(Study*s-Shipley, 71950)..." By stimulating -the anterior sig-= 
moid gyri of the cerebral cortex, giving intra-arterial adrena- 
line, inducing acute hypotension, causing renal arterial spasm, 
stimulating the splanchnic nerves or the renal plexus, injecting 
a posterior pituitary extract intra-arterially to the kidney, or 
stimulating the proximal end of a divided sciatic nerve, many 
investigators have observed 'cortico-medullary shunting' not only 
in the rabbit, but in the cat, dog, monkey, and sheep (Goodwin 
et alpeio4s mrrey, 6193671937 +s spanner, +1938; ‘Samkinvet al, 1948; 
Pruceta “et val, 1947s" Daniel etval, S952; Jirkaletraly 1961; Prlk- 
ingvonvet taljpe1o6s corte. earncon, 1948 -Oliver*et al, “1951; 
Sadler (& «Tuttle; 11963" and: Willson etval,; 1971)... Ash (1933) de= 


fines cortical ischemia with anuria as a clinical pathological 
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entity in humans. However, some of these investigators admit 
inconsistent results (Daniel et al, 1952). Another group of 
investigators (Reubi & Schroeder, 1949; Kahn et al, 1950; Houck, 
1951; -Study..& Shipley, 1951, Aukland,,1967) using similar tech- 
niques, demonstrated patchy ischemia involving both cortex and 
medulla, but did not obtain evidence for cortex-to-medullary 
shunting of blood. Those favoring the possibility of a shunt 
generally concede that it occurs only under severely abnormal 
conditions. Some specify that when cortical ischemia occurs, 
circulation is maintained in the medulla and the juxtamedullary 
glomeruli. This more moderate approach seems to come closer to 
the truth than insistence that a state of totally aglomerular 
renal perfusion could continue for very long. 

Since medullary blood flow is reliant on blood passing thro- 
ugh the juxtamedullary glomeruli (at least) with their afferent 
and efferent arterioles, it is likely that medullary circulation 
is governed by these arterioles (von Méllendorff, 1930; Mitchell, 
LO50fay D295, sands1958s, Aukttand: 9967) tHowever jab is not 
inconceivable that ischemic injury could cause extensive tubular 
damage and swelling and that this might cause a passive reduction 
In cortical flow. 

Some facts are known about blood flow distribution within 
the kidney. From the multi-exponential disappearance of Ber 
from the kidney, Thorburn ct alk (1963) “concluded that outer cor= 
tical flow is normally faster than inner cortical and outer med- 


ullary flow, which is faster than inner medullary flow. 
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While it is possible, therefore, that anatomical arterio- 
venous anastomoses may exist (Isaacs, 1857; Ludwig, 1871; Gross, 
1917; Goméri, 1961), conditions under which they represent the 
Main renal blood pathway are very rare (Daniel et al, 1952) if 
existent at all among mammals. It is likely, however, that the 
ratio of cortical to medullary blood flow can be decreased in 
all mammalian kidneys. Whether this demonstration of neurovas- 
cular control of renal circulation represents a shunt, or a pro- 
gressive peripheral vasoconstriction of the renal vasculature, 
or a pasSive result of tubular swelling, has not been finally 
determined. It is known that there is more poorly-developed 
smooth muscle in the medullar vasa recta than that of the affer- 
ent or efferent glomerular vessel (von Mdllendorff, 1930) and 
that there are relatively fewer medullary nerve fibers (Mitchell, 


1950 Vay by LOS), ethan ‘corticalvones*s 


Renal Physiology 

Nervous Effects 

Trueta (1947) suggested that the cortical-medullary blood 
flow distribution was under control of the nervous system. While 
anatomical studies indicate renal innervation of both sympathetic 
and parasympathetic origin (Mitchell, 1951; de Muylder, 1952; 
Stohr, 1952), physiological studies indicate that nervous control 
of the kidney is predominantly sympathetic (Kaplan et al, 1953; 
Page & McCubbin, 1953; Yamagishi & Azuma, 1963; Concha & Norris, 


1968). Sympathetic innervation originates from Tg through L3 
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segments of the spinal cord inclusively. Parasympathetic inner- 
vation comes from the vagus. High frequency stimulation of the 
renal nerves always produces vasoconstriction (Study & Shipley, 
1950; Houck, 195l1b; Block et al, 1952; Boba & Landmesser, 1961; 
Concha & Norris, 1968). Low frequency stimulation is reported 
to have a variable effect on the vessels (Bradford, 1889; Concha 
& Norris, 1968). That high frequency stimulation produced affe- 
rent arteriolar constriction, is evidenced by a greater reduction 
in the GFR than in the RBF (Study & Shipley, 1950; Houck, 1951b; 
Shipley & Study, 1951). This increased afferent arteriolar re- 
Sistance was concomitant with reductions in urine flow, and in- 
ulin and diodrast extraction (Houck, 195lb; Shipley & Study, 
1951) and increases in oxygen extraction in dogs (Houck, 195l1b). 
Block et al (1952) suggests that neurogenic renal vasoconstrict- 
ion can not be kept severe, because of the adaptation phenomenon. 
He feels that maximal neurogenic vasoconstriction is probably 
a very brief emergency measure. Any sustained effects after neu- 
rogenic vasoconstriction may be due to humoral system mediation. 
It has been observed, for example, that splanchnic stimulation 
causes increased levels of catecholamines in the circulation 
(Goodwin et al, 1949). It has also been suggested that prolonged 
antidiuresis after continuous renal nerve stimulation, is medi- 
ated by increased antidiuretic hormone (ADH) in the circulation 
(Verney, 1946; Block et al, 1952). 

Representing the sympathetic nervous system, both alpha and 


beta adrenergic receptors are believed to be present within the 
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renal vasculature (McCombs & Berkowitz, 1976). Loeffler et al 
(1972) suggests that while total renal blood flow is largely 
governed by alpha receptors, beta receptors mediate renin re- 
lease. 

Blockade of alpha receptors decreases arterial blood pres- 
Sure. It also reduces renal vascular resistance and increases 
both cortical and total renal blood flow (McCombs & Berkowitz, 
1976; Weber et al, 1976). As the RBF increases, there is a pro- 
portional increase in the GFR, and therefore a constancy of the 
filtration fraction (EE)+,3sThissindicates:a, reduction sin both 
afferent and efferent arteriolar tone. There is no consistent 
change in sodium or water excretion (Moyer et al, 1955; McCombs 
& Berkowitz, 1976). Alpha receptor blockade can also be used 
to reverse the effects of anoxia on the outer cortical flow 
(Weber et al, 1976), but will not overcome the effects of com- 
bined anoxia and warm ischemia. 

Blockade of beta receptors produced a significant decrease 
in sodium excretion, in dogs, according to McCombs and Berkowitz 
(1976). They suggest that this may be due either to afferent 
glomerular arteriolar constriction or increased perfusion of jux- 
tamedullary nephrons (with their longer loops of Henle). The 
former, certainly, may be mediated by renin release. 

Renal nerves are not indispensible to the normal functioning 
of the kidney. Releasing the kidney from its nervous supply by 
denervation, results in an increased sodium, chloride, and water 


excretion in cats and rabbits (Blake & Jurf, 1968; Kunze et al, 
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1977). This may be mediated by intrarenal humoral inhibition 
of tubular reabsorption, or by a redistribution of glomerular 
filtration with enhanced perfusion of the outer cortical neph- 
rons (Blake & Jurf, 1968). 

Humoral and Electrolyte Effects 

In 1950, Berne and Levy experimentally reduced canine car- 
diac output by pulmonary artery constriction. This reduced GFR, 
RBF, urine output and sodium excretion. These results were not 
changed by renal denervation, so they were considered a result 
of humoral elements causing vasoconstriction (Papper & Ngai, 
1956). This was also concluded by Mokotoff and his co-workers 
(1948). 

Both epinephrine and norepinephrine produce marked renal 
vasoconstriction and increase renal vascular resistance (Blake, 
1955; Papper & Ngai, 1956; Aukland, 1967). This always reduces 
the RBF (Blake; Papper & Ngai; Aukland; Houck, 195la) but may 
or may not reduce the GFR (Blake; Papper & Ngai; Houck). If 
these catecholamines affected both the afferent and efferent 
glomerular arterioles, equally, then the GFR would decrease with 
the RBF. If it predominantly affected the efferent arterioles, 
then the GFR might not change with the reduced RBF. The variable 
results indicate uncertainty as to the predominantly affected 
renal vessels (Blake, 1955). In either case, catecholamine- 
induced vasoconstriction is partly responsible for the pronounced 
renal effects of shock, sepsis, or low (hypoxic) perfusion states 


(Weber et al, 1976). 
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In contrast to catecholamine-induced renal vasoconstriction, 
prostaglandins, which are produced by the kidneys, are thought 
to cause renal vasodilation (Dunn & Howe, 1977) with increased 
renal blood flow and natriuresis. 

In addition to hormones with mainly vasoactive effects, there 
are those with much more specific actions. Antidiuretic hormone 
(ADH), of posterior pituitary origin, increases the water perm- 
eability of the distal tubules and collecting ducts, and thereby 
allows increased water reabsorption (Papper & Ngai, 1956; Boba & 
Landmesser, 1961; Valtin, 1973). There is evidence that adrenal 
medullary hormones (catecholamines) may produce sustained anti- 
diuresis by stimulating ADH release (Papper & Ngai, 1956). 

Finally, sodium balance is singled out for special mainten- 
ance. It is regulated through the renin-angiotensin system of 
hormones mediating the adreno-cortical release of aldosterone 
(Boba & Landmesser, 1961). Aldosterone increases the renal tub- 
ular reabsorption of sodium (Valtin, 1973). Furosemide, an ex- 
ogenous pharmaceutical, has an opposite effect (Naber & Madsen, 
1973). Serum sodium levels are apparently very important. When 
they decrease, a diuresis occurs (Kunze et al, 1977). The mech- 
anism is not certain, but it is known that an extracellular sod- 
ium reduction of as little as 5% will increase arterial blood 
pressure (Kunze et al, 1977). This increased blood pressure 
(mediated by the carotid sinus baroreceptors) may be the reason 
for-the diuresis (Blake, 1955;) Kunze et )al,) 1977)... There,is some 


evidence for preferential perfusion of nephrons with high or low 
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sodium reabsorptive capacity, depending on the state of sodium 
balance (McCombs & Berkowitz, 1976). 
Autoregulation 

The pressure required to initiate blood flow through the 
renal vascular bed is from 7 - 14 mm Hg (Selkurt, 1946b; Shipley 
& Study, 1951). At such low pressures, there is no filtration. 
Urine flow begins at a mean arterial pressure of about 60 mm Hg 
and increases, with increasing renal arterial blood pressure, 
until at very high perfusion pressures (greater than 300 mm Hg) 
it can be as high as 75% of the GFR (Shipley & Study, 1951). 
However, over a wide range of arterial pressures the RBF, GFR, 
and FF remain essentially constant (Berne & Levy, 1950; Forster, 
1947; Forster & Maes, 1947; Shipley & Study, 1951) in dogs. This 
is termed autoregulation. The upper and lower limits have been 
defined as 180-200 and 70-80 mm Hg respectively (Selkurt, 1946b; 
Shipley «- Study," 1951;" Rothe etealtyy 1971s Leightonetialy 1977)" 
Leighton et al (1977) has observed that during sodium nitropru- 
Sside-induced hypotension in dogs, autoregulation is operative 
ateSOF mmHg. 

Despite the occasional contrary view (Osbaldiston & Fuhrman, 
1970), renal nerves are generally considered unnecessary for 
autoregulation (Quinby, 1916; Maluf, 1943; Selkurt, 1946b; Ship- 
ley & Study, 1950; Boba & Landmesser, 1961; Leighton et al, 1973). 
This view is supported by renal transplant work in most species 
(Murray et al, 1958, for example) of experimental animal and man. 


In vivo there are circumstances which exert renal blood flow 
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control despite a mean arterial blood pressure greater than the 
lower limit for normal autoregulation. Hemorrhage, acute hypoxia 
or placing one foot in ice water (Talso et al, 1948) are examples 
of such circumstances. In the absence of over-riding mechanisms 
both the GFR and total RBF are subject to autoregulation. Thurau 
(1964) and most others consider cortical blood flow to be auto- 
regulated. Grangsjo and Wolgast (1972) show evidence that med- 
ullary blood flow is also autoregulated, at least in dogs. 

There are several theories to explain autoregulation. 
Bayliss (1902) proposed a myogenic hypothesis, that vascular mus- 
cle responds to a stretching force by contraction and to a red- 
uction in this force, by relaxation. A metabolic hypothesis sug- 
gests that the accumulations of lactic acid, carbon dioxide, and 
other metabolites during decreased blood flow, may cause vasodil- 
ation (Berne, 1964). A tissue pressure hypothesis proposes that 
perivascular pressure is elevated by the perfusion pressure-rel- 
ated extravasation of fluid from the capillaries (Westermark & 
Wahlin, 1969). Thurau and Levine (1971) claim that a juxtamed- 
ullary apparatus at the macula densa can sense sodium concentra- 
tion within the ascending limb of the loop of Henle. This may 
cause events which release angiotensin II. The latter agent 
would then act on the afferent glomerular arteriole, which would 
constrict and reduce the GFR. Studies of renal perfusion with 
mineral oil at varying pressures, have demonstrated autoregula- 
tion and suggest that the Thurau/Levine suggestion is not the 


unique answer (Leighton, 1973). Honda et al (1972) suggest a 
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common underlying mechanism between postocclusive reactive hyp- 
eremia and circulatory autoregulation. Their studies suggest 
that diminished tissue pressure is not a primary cause of auto- 
regulation, but that some myogenic and metabolic factors may be 
jointly responsible. 

Blood Flow 

Lingardh (1972) found that blood flow to the left kidney 
of healthy humans was slightly (10%) higher than that to the 
right kidney. Others (Neutze et al, 1968) have shown tissue 
flows to the right and left kidneys that are almost identical, 
in the rabbit. These results are not necessarily contradictive. 
Within a given kidney, the blood flow is greatest in the outer 
cortex and decreases toward the inner medulla (Sudo et al, 1977; 
Thorburn et al, 1963). While the flow to the medulla is as low 
as seven percent (Leighton et al, 1973) in the dog, this flow 
may have a tremendous effect on interstitial osmolarity in the 
area of the collecting ducts and loops of Henle. Medullary flow 
can, thereby, greatly influence urinary composition. 

One blood flow factor bears re-mentionning: if a suffic- 
iently low afferent arteriolar pressure to the glomerulus is 
reached, filtration will cease, but flow to the parenchyma may 
not. Because of this fact, some cases of hypotension do not con- 
stitute totally anoxic conditions within the parenchyma (Boba & 
Landmesser, 1961). This permits recovery of renal function after 


a certain amount of hypotension. 
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Indirect Measurements of Renal Function 

The fraction of the RBF which is filtered through the glom- 
eruli, is called the filtration fraction (FF). Osbaldiston and 
Fuhrman (1970) found an average filtration fraction in resting 
Caesypronno. 21.) This) Ligureicorresponds to that “for the resting 
dog, but is much greater, they claim, than that reported ae Brod 
and Sirota (1949) for the resting rabbit. In fact, the average 
filtration fraction from the results of the work by these latter 
researchers, was identical (0.21). Stedman's Medical Dictionary 
(1972) reports that an average filtration fraction for the human 
kidney is*about 0.22) °° °Lt is likely that this ‘value’ for the ’fil- 
tration fraction of most mammals, is normally quite accurate. 

Methods for determining the RBF and GFR are quite varied. 
Renal blood flow is either directly (flow meter, rotameter, or 
thermodilution -- White et al, 1967) or indirectly measured, 
while the GFR is only indirectly measured. Methods for measuring 
the GFR are based on the urine flow rate and relative blood and 
urine concentrations of a substance that is filtered at the glom- 
erulus, but neither secreted nor reabsorbed from the tubules. 
Inulin is considered such a substance. 

Bull and Metaxas (1962) found that in normal renal function, 
cleared substances are insignificantly removed in the lymph, SO 
the indirect methods of measuring renal parameters, were consid- 
ered generally reliable. Since inulin concentration determina- 
tions were time consuming and since radioactive labelled inulin 


is rather expensive, other labelled substances were tried (for 
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ay b 
example, Gr=-EDTAL—<—_ Stacy ,.Getnorbumny L966; Lingardh, .¥971)., 
with questionable success (Lingardh, 1972). Results with each 
new compound, are compared to those obtained with inulin. Young 


Sloy-EepTa is reabsorbed in 


et al (1969) demonstrated that some 
the tubules. 

Indirect determinations of the renal blood flow have taken 
a Similar route. Methodology in this case is based on the urine 
flow rate and relative blood and urine concentrations of a sub- 
stance that is completely extracted (by secretion and filtration 
without any reabsorption) from all blood flowing through the or- 
gan. Para-aminohippurate (PAH) is most commonly used. There 
is from 87 to 96 percent extraction of PAH from renal blood 
(Selkurt, 1946a; Phillips & Hamilton, 1948; Korner, 1963). PAH 
clearance is usually considered about 85-90% of the RBF (Valtin, 
1973). Because PAH is mainly secreted by proximal tubules in 
the renal cortex, the ratio of PAH clearance to actual RBF is 
considered by some, an estimate of the ratio of cortical to total 
renal plasma flow (Lindeman & Papper, 1975). To distinguish ac- 
tual renal plasma flow from that determined by indirect or fun- 
ctional methods, the concept of an effective renal plasma flow 
(BRPF) ds used (Smith, 1937). 

Some substances have been substituted for PAH (Lingardh, 


oye 72) Todinatedunipeuraneiecet= ton. oS 


I-) is an example. 
However, because of strong binding of some of the I-hippuran to 


plasma protein, it can not all be excreted by the kidney 


(Lingdardh) . 
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There are problems associated with these traditional in- 
direct methods of assessing renal function according to clear- 
ances. Anuria makes the methods useless. Research in poisoned 
frogs demonstrated that the tubular walls under these conditions 
can permit unselective diffusion of the entire filtrate back into 
the circulation (Phillips & Hamilton, 1948). Others have demon- 
strated that under conditions such as ischemia, shock, reduced 
perfusion pressures, renal nerve stimulation, tubular damage, 
or oliguria, clearance techniques are unreliable ways of estim- 
ating RBF or GFR (Lucké, 1946; Selkurt, 1946a; Goodwin et al, 
Mgao7e Study s-Snip ley, 1.950%. Habin, etal, 195); “Blocket! al; 
1952; Balint & Forg&acs, 1960; Boba & Landmesser, 1961; Jirka et 


al, 1961; B&lint, 1963; Wilson et al, 1971; Sudo et al, 1977). 


Specific Ureteral Influence 

Wharton (1932) demonstrated intricate sympathetic pathways 
between the kidneys and the ureters. In the animal lab, it is 
common knowledge that rough ureteral handling produces anuria 
(Goodwin et al, 1949). This may be due to ureteral constriction 
(spasm), because it would raise the ureteral pressure. Such an 
elevation in pressure to 50 mm Hg or more, will greatly impair 
autoregulation (Rothe et al;/1971)<e0im fact,’ Malvin et al) (1964) 
suggests that an increasing number of nephrons will stop filter- 
ing completely, if the ureteral pressure exceeds one third of 
the mean arterial blood pressure. 

Experimental work shows that following ureteral occlusion 


there is an immediate increase in ipsilateral RBF (Vaughan et 
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al, 1971; Naber & Madsen, 1973) and an associated fall in renal 
resistance. This transient vasodilation was followed by a grad- 
ually increasing resistance, with a markedly decreasing renal 
blood flow (Levy et al, 1937; Vaughan et al, 1971; Naber & Madsen, 
1973). The glomerualr filtration rate falls but occasionally 

not as rapidly as the RBF (Naber & Madsen). This is perhaps due 
to renin release and increased efferent arteriolar tone (Naber 

& Madsen). This total response to ureteral occlusion is inter- 
pretted as a reduced filtration rate per nephron, due to elevated 
back pressure. The response is not changed by denervation, ad- 
renergic blockade, renin depletion, or contralateral nephrectomy 
(Vaughan et al, 1971). High sodium and water reabsorption accom- 
pany ureteral occlusion or partial ureteral obstruction (Naber §& 
Madsen, 1973). During ureteral occlusion there is some pyelo- 
lymphatic flow of urine via the hilar lymph, but most of any 


urine formed becomes pyelovenous backflow (Naber & Madsen, 1973). 


Specific Hypoxic or Ischemic Effects 

The very title of this section may be inappropriate because 
traditionally the 'specific effects of ischemia' are not separ- 
ated from the potential detrimental effects of such factors as 
extended anesthesia, handling and reopening of the peritoneum. 
In addition, experimenters are not unanimous in their ischemia 
model-systems. They may occlude the renal artery, the renal vein, 
the renal pedicle, the pre-renal aorta, or both the pre-renal 


aorta and the renal artery. When one renal artery is occluded, 


in dogs or rabbits, there is upon release of occlusion, some loss 
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of renal function (Scarff & Keele, 1943; Selkurt, 1946a; Van 
Slyke, 1948; Kahn et al, 1950; Moyer et al, 1957; Leary et al, 
1963). The functional impairment is proportional to the dura- 
tion of clamping: 3 hours of clamping, or more, seems to create 
irreversible damage. When the pre-renal aorta is also clamped 
in dogs, the damage in shorter clamping times, is more severe 
(Moyer et al, 1957). When only the pre-renal aorta is clamped, 
although the mean arterial blood pressure on the distal side 
drops to below 30 mm Hg (the irreversible shock level) and no 
urine is produced, there seems sufficient pressure to prevent 
post-occlusive renal damage even after 3 hours (Moyer). 
Continuous occlusion of the renal artery for 2 hours may 
be tolerated, but 2 hours of intermittent occlusion (3 minutes 
of flow every 30 minutes) is very damaging (Leary et al, 1963; 
Stueber et al, 1959; Yoho et al, 1960) to the canine kidney. 
According to Neely and Turner (1959) venous clamping per unit 
time may be more damaging to canine kidneys than arterial clam- 
ping. This, they suggest, is due to the Crowell-Webb theory 
concerning the detrimental effects of formed elements on the 
static circulation. Wilson et al (1971) believes the differ- 
ence to be due to repetitive intra-renal trapping of vasocon- 
strictive elements, a similar hypothesis. Porch et al (1959) 
specify that the capsular vessels do not provide any protection 
against the effects of vascular occlusion and that venous occlu- 
sion alone is no worse than arterial occlusion alone. Obviously, 


this 2S still contested. 
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Selkurt (1946b) has observed that brief renal ischemia cau- 
ses the appearance of renin in canine renal veins. This suggests 
to him that the ischemic kidney is the site of production of pre- 
ssor substances or their precursors. Honda et al (1968) ascribe 
post-occlusive reactive hyperemia in the rabbit kidney to liber- 
ation of vasodilator substances from the ischemic tissues, but 
this, they claim, is only a transitory response and is followed 
by vasoconstriction. 

Moderate systemic anoxia, increased pCO? and reduced pH of 
perfusion blood, produce renal vasodilation as well, and this 
can increase RBF, GFR and urine output (Papper & Ngai, 1956; 
Honda et al, 1972). The latter may be due to a brief impairment 
of the tubular reabsorptive processes. 

Boba & Landmesser (1961) summarize well the potential ef- 
fects of ischemia. They suggest that inadequate RBF causes hy- 
poxia and that eventually cellular damage will result. Damaged 
cells will tend to absorb water and swell. Because of the in- 
elasticity of the renal capsule, high pressures can be created 
and may cause tubular collapse. They add that the administration 
of a powerful osmotic diuretic will both restore urine flow and 
prevent cellular swelling and tubular dysfunction. With regard 
to ischemia, they have demonstrated that while the effects of 
2 hours of hypoxia may not be seen with conventional histology, 
abnormal enzyme patterns and total disruption of some oxygen- 


carrying enzyme systems can be seen much earlier. 
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Acute Renal Failure 

Acute renal failure is characterized by decreasing urine 
output (progressive oliguria), rising serum creatinine and pot- 
assium levels, diminished clearances, reduced urine osmolarity, 


and altered intrarenal hemodynamics (Sudo et al, 1977) This 


failure frequently follows hemorrhage, burns, dehydration, trauma, 


incompatible blood transfusions or peripheral circulatory failure 
(Moyer et al, 1955). Suggested causes of acute renal failure 
include: exposing a damaging compound to the tubules, mechanic- 
ally blocking the tubules with, for example, hemoglobin or myo- 
globin, or the interruption of the tubular blood flow or oxygen 
supply (Moyer et al, 1957; Boba & Landmesser, 1961). Many in- 
vestigators have found that the tubular cells are particularly 
damaged by hypoxia (Mallory, 1947; Trueta et al, 1947; Oliver 
Stual, 195i;oMoyer etal. oS va sudowet val, . 1977): 

Mechanisms to account for the development of oliguria in 
renal failure include: reduced GFR due to vasoconstriction and 
reduced RBF, or decreased glomerular permeability; back-leakage 
of filtrate across a damaged tubular epithelium; or mechanical 
blockage of the tubules (Bank et al, 1967; Steinhausen et al, 
1969; Wilson et al, 1971; Blantz, 1975; Stein et al, 1975; Sudo 
et al, 1977). Sudo et al (1977)s,sfrom their studies in: the rab- 
bit, claim that back-diffusion of the filtrate across a damaged 
tubular epithelium, is the major cause. They demonstrated that 
zonal blood flow during oliguria is re-distributed from the cor- 


tex toward the medulla, but that this re-distribution was poorly 
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correlated with the decrease in urine output. This indicates 
that cortical blood flow is reduced due to swelling and damage 


rather than being the result of an over-riding shunt mechanism. 


C. EXTRACORPOREAL FACTORS INFLUENCING RENAL FUNCTION 


Cannulations and Catheterization 

It is theoretically possible that cannulations or catheter- 
ization of blood vessels, per se, might influence renal function. 
Arterial spasm is often caused by stimulation of the inside of 
the vessel wall, particularly in the smaller arteries (Gothlin 
& Olin, 1970). Puncture of the femoral artery with trauma to 
the femoral nerve, is said to consistently cause arterial cont- 
raction. Catheterization or cannulation of renal arteries or 
veins, is usually associated with only brief changes in renal 
function, to a very slight degree (Selkurt, 1946a; Lindell & Olin, 
1957; Korner, 1963; Bodforss et al, 1964; Leiter, 1965). The 
injection of contrast media into the renal artery is not entirely 
innocuous, however, and some damage may occur, contingent upon 
the type and dose of the medium and its application time (Bodforss 


Steal, 1964° Teiter, 1965)" 


Surgery and Anesthesia 


General Effects of Anesthesia and Operation 
General anesthesia is known to depress myocardial function 
and usually cardiac output (Berne & Levy, 1950; Neutze et al, 


1968). The posture of the operated patient, can also influence 
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cardiac output, by altering the venous return to the heart 
(McIntyre, 1971). Intraoperative bradycardia is often caused 
by vagal stimulation, but this can be overcome with atropine, 

in many cases (McIntyre, 1971). During general anesthesia there 
are often changes is tissue metabolism and catecholamine output, 
with complex effects on neurogenic vasomotor control (Neutze et 
al, 1968). 

Operation and trauma induce some cellular and tissue break- 
down. This releases large amounts of potassium and protein (Boba 
& Landmesser, 1961). To re-establish osmotic equilibrium and 
prevent further damage, three steps are essential: potassium 
ions must be removed from the area and diluted throughout the 
body water; water must move into the area in order for osmotic 
pressure to be re-established; and, sodium must diffuse into the 
area in order for isoionicity to be re-established. These pro- 
cesses are referred to as the 'third space' concept and are widely 
accepted (Boba & Landmesser, 1961). This redistribution of body 
fluids and sequestration of sodium creates a need for sodium con- 
servation. This may be partly responsible for temporary distur- 
bances in renal function. 

The suppression of renal function by general anesthesia alone, 
was first described by Pringle in 1905. All general anesthetics 
significantly diminish RBF, GFR, and water and electrolyte excre- 
tion if there is sufficient depth of anesthesia (Habif et al, 
1951; Glauser & Selkurt, 1952; Papper & Ngai, 1956; Boba & 


Landmesser, 1961; Kapur et al, 1972). This change in the absence 
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of significant drops in arterial blood pressure, indicates the 
over-riding of autoregulation. 

Blake and Jurf (1968) report that surgery, anesthesia, and 
most other experimental procedures have an equal effect on both 
kidneys. They report that direct handling of one kidney is an 
exception, and that the handled kidney of the rabbit may display 
impairment of renal function for up to one hour, relative to the 
unhandled kidney. 

Promptly after injury or surgery, kidney mechanisms are set 
in play to retain water and sodium (Moyer, 1950; Boba & Landmesser, 
1961). While many believe that this retention is independent 
of need, Boba and Landmesser (1961) do not. They claim that 
these mechanisms will only result in oliguria or anuria if sodium 
and water are withheld. The intrinsic system is not without 
draw-backs, however, because Moyer (1950) has observed that, in 
dogs, the reduction in the rate of excreting chloride ions is 
greater than the reduction in the rate of excreting sodium. This 
leads to excessive chloride levels. This post-operative oliguria 
with sodium, chloride, and water retention is commonplace (Moyer, 
1950; Habif et al, 1951; LeQuesne & Lewis, 1953; Dudley et al, 
1954; Kapur et al, 1972). Neither large amounts of sodium nor 
large quantities of fluid will relieve the situation once it oc- 
curs. 

Renal function decreases, and renal sensitivity to surgery 
increases, with age (Kapur et al, 1972). A far greater determ- 


inant of renal sensitivity to surgery, however, is the type of 
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operative procedure. Intra-abdominal operations with ureteral 
disturbance, packs on the kidneys, and intestinal and mesenteric 
handling, are followed by highly significant depressions of RBF 
and GFR (Moyer, 1950; Kapur et al, 1972). Again, this may well 
be due to catecholamine release (Goodwin et al, 1949). The an- 
esthetic agent per se is usually implicated only during the ac- 


tual period of anesthesia (Moyer, 1950). 


Effects of Specific Anesthetics 
1. Spinal anesthesia 

During spinal anesthesia, Smith et al (1939) found no alter- 
ation in renal hemodynamics. However, Corcoran et al (1947, 
1948), Neumann et al (1945), Sancetta et al (1952), and Lynn et 
al (1952) report vasodilation of the anesthetized area and an 
altered RBF when the kidneys were within that area. Renal ef- 
fects with spinal anesthesia are considered especially dependent 
on hypotension and reduced cardiac output (Papper & Ngai, 1956). 
These factors seem mainly to occur when vasodilation is so pro- 
fuse that there is insufficient area for compensatory vasocon- 
striction (Papper & Ngai, 1956). 
2. Premedications 

Morphine or meperidine both reduce urine flow (Habif et al, 
1951; Papper & Ngai, 1956). They are associated with an increa- 
sed urinary electrolyte concentration, but total electrolyte out- 
put is also reduced. Morphine is considered by certain authors, 
to stimulate the release of ADH (de Boda & Sweet, 1938, 1940, 


and 1944). Handley and Keller (1950) claim that morphine 
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inhibits diuresis even in animals with diabetes insipidus, by 
reducing the number of functioning nephrons. 

The additive effects of two or more drugs has only begun 
to be explored, and the effects of variable doses of concerted 
drugs may vary greatly even within a given species. 
3¢ Alcohol 

Strauss et al (1950), Rubini et al (1955) and Kleeman et 
al (1955) have all demonstrated that ethyl alcohol causes a 
marked diuresis with a loss of water far in excess of that of 
electrolytes, and a resulting hypertonicity of the plasma. 
Kleeman believes this to be due to direct inhibition of ADH re- 
lease. Clinical use of alcohol anesthesia is very limited. 
4. Cyclopropane and ether 

Even in light anesthesia with cyclopropane or ether, there 
is a redistribution of blood flow due to vasodilation in the skin 
and muscle, with vasoconstriction in the renal and splanchnic 
vascular beds (Papper & Ngai, 1956). In deep anesthesia with 
these agents, total peripheral resistance increases greatly and 
there is reduced blood flow to the skin, muscle, splanchnic and 
renal vascular beds (Papper & Ngai). Elliot (1912) and Brewster 
et al (1952) both demonstrated that ether anesthesia causes an 
increase in circulating catecholamines, which results in an in- 
creased cardiac output, hyperglycemia, and lactic acid accumula- 
tion in the plasma. Elmes and Jefferson (1942) showed a similar 
effect by ether or cyclopropane. Anesthesia with either agent 


invariably causes a reduction in RBF, GFR and water and 
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electrolyte excretion (Pringle et al, 1905; Stewart & Rourke, 
#938; eMoyver, 11950;sHabifisetralpslosywnot due to aywater def£- 
icit. Papper and Ngai (1956) ascribe cyclopropane effects to 
either a stimulation of ADH release or increased activity of the 
adrenal medulla, or both. 
5. Barbiturates 

Barbiturate anesthesia has two serious disadvantages: an 
overdose is easily given, and it can seriously depress respira- 
tion (Murdock, 1969). In addition, barbiturates are known to 
influence renal hemodynamics (Leighton et al, 1977). They tend 
to reduce cardiac output (Berne & Levy, 1950), increase systemic 
blood pressure (Glauser & Selkurt, 1952), and decrease the ERBF, 
without greatly reducing the GFR. Glauser and Selkurt (1952) 
Suggest that barbiturates narcotize the tubular cells of the kid- 
ney, and impair their function. Certain barbiturates are impli- 
cated in extensive retention of sodium and chloride (Habif et 
algeil951;2 Papper? Se Ngai ,4 2956). 
6. Halothane 

During halothane anesthesia there is both a decreased heart 
rate and a diminished stroke volume (Westermark & Wahlin, 1969). 
There is, therefore, a depressed cardiac output. Halothane also 
depresses reflex vasoconstriction without altering reflex vaso- 
dilation and reduces the vasoconstrictive response to norepineph- 
Tranes(Crastotoro SvBroay, 1968). This implies that there will 
be a reduced total peripheral vascular resistance. Halothane 


has been observed (Westermark & Wahlin, 1969) to reduce renal 
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vascular flow resistance to 72% of control, in cats. The lowered 
cardiac output is considered (Westermark & Wahlin, 1969) a more 
important cause of halothane hypotension, than the reduction in 
total peripheral vascular resistance. 

Clearance studies, in cats, indicate a moderate reduction 
in the renal blood flow following exposure to halothane (Wester- 
mark & Wahlin). This reduction is probably directly related to 
the induced hypotension. 

7. Methoxyflurane 

Methoxyflurane has been shown to reduce GFR, RBF and water 
and electrolyte excretion (McIntyre & Russell, 1971). It has 
been implicated in the depression of at least one renal enzyme 
system (McIntyre & Russell). Post-operative methoxyflurane ef- 
fects have been debated. Taves et al (1970) first suggested that 
methoxyflurane metabolism could lead to the production of two 
known nephrotoxic agents: inorganic fluoride and oxalic acid. 
Mazze et al (1971 a, b) has suggested that the degree of post- 
methoxyflurane renal dysfunction is related to serum inorganic 
fluoride levels and urinary oxalate excretion. This anesthetic 
agent is not invariably nephrotoxic (Gillies, 1971; McIntyre & 
Russell, 1971; Hetrick et al, 1973). Gillies (1971) proposes 
that serum inorganic fluoride levels of below 50 pmol/l are not 
likely to be associated with post-operative renal dysfunction. 
Thurau has shown that sodium concentration in the distal tubules 
rises when the GFR is zero. It is therefore possible that toxic 


levels of solutes may be present within the renal tubules during 
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low flow states, in spite of low serum levels of those solutes 
(Leighton et al, 1973). High serum levels of inorganic fluoride 
are, by contrast, often associated with high-output renal failure 
(Mazzeteteal, e197 laytb)metHetrichk etral (1973) proposed, that 
fluoride ions inhibit in a dose related way, the effect of ADH. 
Methoxyflurane anesthesia may also obliterate autoregulation, 
leaving the renal blood flow to rise or fall, pari passu, with 


arterial blood pressure, according to Leighton (1973). 


D. THE RABBIT IN SURGICAL EXPERIMENTATION 

The rabbit stomach empties slowly, and may still contain 
food after food deprivations of as long as five days (Murdock, 
1969). For this reason, a fasted rabbit may still have a full 
stomach at surgery. 

Rabbits are one of the most difficult and unpredictable 
species of laboratory animal, to anesthetize (Murdock). Pre- 
operative animal health is a significant factor in the rabbit 
reaction to anesthesia. Because of the expensive equipment and 
technical skill required, gaseous anesthetics are seldom used 
in the rabbit (Murdock). This animal is almost impossible to 
intubate through the oral cavity. They invariably hold their 
breath as long as possible at the first smell of ether; then, 
they usually inspire deeply, which may permit such high ether 
concentrations in the myocardial blood that the heart will stop 
(Murdock). Resuscitation efforts usually fail. 


Murdock reports that anesthetic depth is difficult to assess 
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in the rabbit because they commonly close their eyes and the pu- 
pil is slow to react. He claims that squeezing between the toes 
of a foot provides a fairly reliable index of the surgical plane 
or third stage of anesthesia. 

The rabbit has other interesting characteristics. Rabbits 
have an extremely high blood flow to the spleen (Neutze et al, 
1968). They are coprophagic. It is possible for the urine flow 
to vary as much as 16-fold during water diuresis in non-excited 
rabbits, without changes in the GFR (Brod & Sirota, 1949). This 
"normal urine flow' is believed to be dependent on tubular reab- 
sorption of water, as with other mammals (Brod & Sirota). Some 
PAH apparently enters canine red blood cells both in vivo and in 
vitro, but not those of man nor the rabbit (Korner, 1963). An- 
other dissimilarity between the dog and the rabbit is that in 
the latter, cortical nephrons with their short loops of Henle, 
account for about half of all nephrons, while in the former, the 
fraction®is much ilesse(Bilake -G7Jurt, 1968). ° Pinadily, (rabbits 
are extremely resistant to demonstrating histamine effects 
(Murdock, 1969) and rapidly metabolize atropine (Godeaux & 
Ténnesen, 1949). 

A rabbit's right renal artery has a slightly cranial course, 
while its left renal artery runs more transversely (Adams et al, 
1965). The traditional left-over-right choice for renal studies 
has been extended to the rabbit. The cardiac output of an unan- 
esthetized rabbit weighing about 3 kg, is from 400-600 ml/min 


(Korner, 1963; and White et al, 1967, respectively). Its left 
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RBF is from 40-80 ml/min, accordingly (Korner, 1963; White et 

al, 1967; Neutze et al, 1968; Sudo et al, 1977). The GFR and 

RBF are only slightly higher in denervated kidneys, suggesting 
that the resting sympathetic constrictor tone of the rabbit renal 
circulation, is low (Korner). Sudo et al (1977) have reported 

a mean arterial blood pressure in the pentobarbital-anesthetized 
Sekgsrabbit, (ofwabout 93 medio; wal laAntextractionvor abouts 79%; 
and a creatinine clearance of about 4 ml/min. 

The spontaneous urine flow of the rabbit is reported as 0.05 
to 0.2 ml/min (Korner, 1963). Some experimenters have desired 
more urine for clearance determinations and so give water by 
Stomach tube (Houck, 195lb) or fluid intravenously. To augment 
the normal urine flow Korner (1963) gave 0.5 ml/min of a Ringer- 
Locke solution containing 5% mannitol to rabbits weighing from 
1.5 to 3.5 kg. He found some blood volume expansion resulting 
in slight hemodilution. To replace loss of fluid, Sudo et al 
(1977) gave rabbits weighing about 3 kg, 1.2 ml/min of an iso- 
tonic saline solution. Their renal hemodynamic studies involved 
a midline abdominal incision. Other fluid administrations dur- 
ing renal studies involved: intravenous administration of 0.9% 
saline to a total volume of about 10 ml/kg (Kunze et al, 1977); 
intravenous replacement of the urine volume with 0.45% saline by 
McCombs & Berkowitz (1976); intravenous infusion of 100 ml/hr 
of 0.9% saline to dogs weighing 10-16 kg (Study & Shipley, 1950); 
and 0.85% saline at 2.5 ml/min to dogs weighing about 25 kg 


(Rothe et al, 1971). These all represent quite moderate fluid 
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fluid administrations. 

Kaplan and Smith (1935), Dicker and Heller (1945, 1950), 
and Forster (1947) have observed an increase in GFR, RBF and 
glucose maximum tubular reabsorption rate, with a urine flow 
increasing proportionately to the GFR, after giving rabbits 
approximately 40 ml/kg of water by stomach tube. This has been 
interpreted (Brewer, 1977) as indicating the recruitment of pre- 
viously unperfused glomeruli. This interpretation had been chal- 
lenged, previously, in a study by Brod & Sirota (1949). The lat- 
ter researchers' investigation was prompted by the difficulty 
involved in producing water diuresis in certain rabbits. They 
report that in the absence of renal ischemia, reflexly induced 
by excitation, urine flow appears to be independent of GFR in 
the rabbit, as with man and the dog. They further suggest that 
the excitement due to administering large amounts of water to 
rabbits, by stomach tube, is not unequal to other severe emo- 
tional disturbances. Brod and Sirota created such disturbances 
by shocks, banging noises, pinching, and tying rabbits to a re- 
taining board. They demonstrated a resultant decrease in RBF 
that was not due to a decrease in systemic blood pressure and 
oliguria that was primarily due to a depressed GFR and RBF. This 
fright/pain reaction has been documented by others (Wolf, 1945; 
Goodwin et al, 1949; Berne & Levy, 1950), in other mammals in- 
cluding the human. Haterius (1940) attributes it to an increased 
secretion of ADH, but Brod and Sirota do not concur. They do 


report, however, that adrenalin in large doses mimics the reaction 
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and they stipulate that during its course, convulsions and death 


are not uncommon. 
One final contribution by Brod and 
Pine position, per se, does not seem to 
This is apparently supported by Forster 
Korner (1963) concludes that while 


bits respond differently to large water 


Sirota, is that the su- 
influence renal function. 
and Maes (1947). 

Deers possirpole that rab- 


loads (two to three times 


their blood volume) than do other mammals, the possibility does 


not apply to moderate water loads. He is content that the unan- 


esthetized resting rabbit is a satisfactory animal for studing 


renal circulation, but he warns against 


or overhydrating these animals. 


handling, restraining, 
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